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Preface

Morando Soffritti
Cesare Maltoni Cancer Research Center, Ramazzini Institute, Bologna, Italy

Electromagnetic fields are waves that transport energy through space. They are char-
acterized by wavelength and frequency, the two of which are inversely correlated. The
shorter the wavelength, the greater the frequency.

Electromagnetic fields include the following (in order of decreasing wavelength and
increasing frequency): electromagnetic fields of extremely low frequency (from electric
sources), electromagnetic fields of low frequency, electromagnetic fields of radiofre-
quency and microwaves (from mobile telephones, television antennas etc), ultrasounds,
infrared rays, ultraviolet rays, X rays and gamma rays. Gamma rays, given their energy
charge, are also defined as ionizing radiation, and are capable of altering genetic cellular
material. Indeed, the carcinogenic effects of ionizing radiation have been known for
decades.

Scientific data regarding the long-term effects, in particular carcinogenic risk,of the
exposure to non-ionizing electromagnetic fields were not reported in the literature until
the 1970s. In 1979 two American researchers, Wertheimer e Leeper, published for the
first time the results of an epidemiological study that demonstrated an increased carcino-
genic risk, specifically leukemic, in children residing in close proximity to electric
installations and therefore exposed to non-ionizing electromagnetic fields from electrical
current at extremely low frequency.

As was to be expected, concern about the possible carcinogenic risks of non-ionizing
radiation has now expanded beyond electricity to include other types of non-ionizing
radiation, such as electromagnetic fields of radiofrequency and microwaves from
cellular telephones and other wireless technologies such as cordless telephones,
computers etc.

The expansion of mobile telephone technologies in the last 10 years is without prece-
dent. In 1996 the number of cellular telephones in Italy was circa 4 million, today this
figure is estimated to be 40 million. In the US, cellular telephones in the 1990s numbered
9 million, today more than 150 million Americans use cell phones, including children.
It is estimated than more than 2 billion people use cell phones worldwide. In addition,
many citizens are exposed to electromagnetic fields originating from the antennas of
radio base stations that transmit cellular signals. Indeed, exposure to electromagnetic
fields of radiofrequency and microwave, in both the work and general environment, has
never before experienced this type of growth. For this reason it is fundamentally impor-
tant to address the issue of safety, using all available tools to evaluate the potential risks
of exposure. These tools include both epidemiological and experimental laboratory
studies, as well as basic research.

This book provide updated information concerning mechanism of interaction between
non ionising radiation fields and living matter, with particular reference to potential non-
thermal toxic effects.

Address: Morando Soffritti, M.D., Scientific Director of the Ramazzini Institute, Cesare Maltoni Cancer
Research Center, Castello di Bentivoglio, Via Saliceto, 3, 40010 Bentivoglio, Bologna, Italy —
Tel. +39 051 6640460 — Fax +39 051 6640223 — E-mail: credir@ramazzini.it
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The scientific knowledge available today regarding electromagnetic fields remains
limited. Nevertheless, on the basis of recent epidemiological studies, and while awaiting
new experimental data, it is advisable to limit exposure to electromagnetic fields as
much as possible. This is especially true for children and adolescents, the most vulner-
able segments of the population, and has been recommended by both the Swedish and
UK health authorities.

VIII



Why investigate the non thermal mechanisms and
effects of electromagnetic fields on living systems?
An introduction

Livio Giuliani
National Institute for Prevention and Safety at Work (ISPESL), Rome, Italy

A Fairy Tale

Protection against Non lonizing Radiation is based on a paradigmatic assumption:

“We know very well the interaction between electromagnetic fields and living organ-
isms: it is a thermal interaction; thus the standards internationally accepted are
adequate to protect people and workers™

This is a fairy tale.

Since the 1970s the non thermal effects of electromagnetic fields on living organisms
have been well known and also the non thermal mechanisms have been investigated*°.
Nevertheless, until today, we have been condemned to listen to representatives from
international institutions repeating the old refrain above. Furthermore when scientists
participating in the ICEMS agreed to edit a monograph — the present one - with the aim
of illustrating the non thermal mechanisms and effects due to the electromagnetic inter-
action with living organisms - mechanisms that are well known today - some of us with-
drew their contribution because they did not share the locution “non thermal” in the title.
The following discussion, which many ICEMS scientists and the coauthors of this
monograph took part in, focused on some basic points, maybe obvious but not infre-
quently forgotten.

To be able to speak about a thermal effect on a system, we must first observe a vari-
ation in the femperature of the system.

Temperature

In order to define the temperature of a system it is necessary to include the philo-
sophical concept of ensemble: in extension a collection of independent and indistin-
guishable particles each having a well defined velocity. In such a picture the tempera-
ture will emerge as an average property of the system as the average kinetic energy
defined on the ensemble. In the case of a biochemical system made up of many non-
independent particles the very basic concept of temperature has to be defined through an
oversimplification of the system description (useful in most applications): we assume
that each molecule can be labelled with a mean velocity energy which, in turn, defines
an average energy associated with each degree of freedom of the molecule itself. In such

Address: Livio Giuliani, ICEMS Spokesman, National Institute for Prevention and Safety at Work
(ISPESL), Via Urbana 167, 00184 Rome, Italy — Tel. +39 06 4714244 — Fax +39 06 4744017 —
E-mail: giuliani.livio@gmail.com
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a picture a perturbation is termed “thermal” if it is able to change the average kinetic
energy associated to each degree of freedom, in such a way that the average of the ener-
gies on the ensemble is changed.

The rotating motion of water molecules induced by microwaves is the most evident
achievement of such a thermal effect, but we need not think it is unique. In our mono-
graph we focus on an effect — the coupling of RF/MW with cancerous tissues — discov-
ered by E.H. Frick and S. Morse (1924) and re-discovered by C. Vedruccio, as reported
in this monograph.

The Energy transfer mechanism described by the classical or semi-classical model of
biological matter is based on “hopping” along discrete energy levels. However, as is
widely known in the literature, such a model cannot account for the energy transfer
process in biological systems such as photo-synthesis, where the light-absorbing mole-
cules can funnel energy with a near-unit quantum efficiency across mesoscopic
distances. Such a conundrum implies a deeper re-thinking of the molecular biology
model based upon independent and indistinguishable particles. The solution implies a
high degree of correlation among a great number of molecules and the entry in play of
quantum phenomena. Quantum mechanics teaches us that energy transfer can happen in
a quantum-correlated system without entailing kinetic knocks.

Non Thermal effects

In such a picture it is paramount to distinguish between “thermal” and “non-thermal”
effects. In fact, the existence of the latter implies a model of biological matter well
beyond the classical or semi-classical representation. Hence the deep meaning of the
thermal-non thermal guerelle : to minimize this distinction could lead us to underesti-
mate what is probably the watershed of modern biology.

However, because we are concerned with biology or biophysics - not atomic physics
- we may be focused on much more complex systems than atoms and we may fail to
monitor the variation of energy of single electrons or single atoms. Even an aqueous
solution of aminoacids, in a quantity such as in the electrolytic cell of Zhadin described
in this monograph, has millions of billions of billions of molecules, as Avogadro taught
us. Thus we should not be deceived by the fact that a certain molecule receives energy
during a reaction into concluding that this reaction is based on a thermal mechanism of
interaction. We must look at the temperature of the system. We must observe the system
and the average of the energies of all components involved.

For instance, in the aqueous solution of the Zhadin experiment, we witnesss an ion
current peak - that can be detected in the order of 10-100 nA - when we apply a suitable
combination of DC-AC magnetic fields. But the AC field is very weak: in the order of
10nT! And the DC field is like the geomagnetic one: there is no transfer of energy able
to induce an alteration in the system temperature. It is not only a non thermal effect; it
is an athermal effect!

Thermal/Non thermal in EMF risk assessment

Lastly, let us consider the current meaning of ‘thermal effects’ in RE/MW risk assess-
ment. According to ANSI (1981), interactions inducing a temperature increase lower

X



than 0.5 °C in the human body are commonly accepted, even by the WHO. The corre-
sponding value in terms of of WHOLE BODY AVERAGE SPECIFIC ABSORBTION
RATE (WBASAR) is 4 W/kg. Furthermore, the absorption of 0.4 W/kg — corresponding
to a temperature increase equal to a 0.05°C in the body — is considered negligible for
workers and the absorption of 0.08 W/kg — corresponding to a 0.01 °C increase — seems
to be negligible. WHO, IEEE and ICNIRP assure us that under such a threshold we can
be protected against all health effects due to RF/MWs. On this view, biological non
thermal effects are only to be considered as reversible effects. But non-reversible effects
are detected under the same threshold by epidemiologists —see the assay by Lennart
Hardell in this monograph -: such effects can be considered ‘non thermal’ effects in this
context. What about mechanisms inducing temperature increases lower than 0.001 °C
(corresponding to 0.008 W/kg SAR)? They can be considered ‘non thermal’ in the same
context, in accordance with the usual convention that perturbation of a system, when the
parameters are lower by three orders of magnitude than the corresponding parameters of
the system, can be considered not related to such parameters.

Perhaps we should specify the meaning of the terms thermal/non thermal in the
present monograph. With reference to the usual meaning adopted in the context of
protection against radiation, we can consider as non thermal all mechanisms that are
not able to induce an increase in temperature higher than 0.01°C, when we are consid-
ering a system like a living organism, or lower than 0.001 °C when a system like a cell
is considered, or again lower than 0.0005 °C when a sub-cellular system is studied.

Several mechanisms and effects are considered in this monograph with the collabo-
ration of many scientists who have joined this ICEMS initiative.

Our book does also include thermal mechanisms and effects as well as macroscopic
phenomena (see the various sections of the book).

The point is, protection against non ionizing radiation, based on parameters adopted
by international standards organizations, seems not to be adequate, despite the statement
of Ms Van Deventer, nor able to protect people and workers. This is convincingly shown
in the paper by Devra Davis, Om Ghandi and colleagues in this monograph.

Acknowledgment
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On mechanism of combined extremely weak magnetic
field action on aqueous solution of amino acid

Mikhail Zhadin
Institute of Cell Biophysics of RAS, 142290 Moscow Region, Pushchino, Russia

Abstract

The fundamental Physical mechanisms of the resonant action of an extremely
weak (40 nanoT) alternating magnetic field at the cyclotron frequency combined
with a weak (40 mcT) static magnetic field, on living systems are analyzed in the
present article. The experimental effects of such sort of magnetic fields were
described in different articles: the very narrow resonant peaks in electrical con-
ductivity of the aqueous solutions in the in vitro experiments and the Biomedical
in vivo effects on living animals of magnetic fields with frequencies tuned to some
amino acids. The existing experimental in vitro data had a good repeatability in
different laboratories and countries. Unfortunately, for free ions such sort of
effects are absolutely impossible because the dimensions of an ion rotation
radius should be measured by meters at room temperature and at very low stat-
ic magnetic fields used in all the above experiments. Even for bound ions these
effects should be also absolutely impossible from the positions of Classic Physics
because of rather high viscosity of biological liquid media. Only modern
Quantum ElectroDynamics of condensed media opens the new ways for solving
these problems. The proposed article is devoted to detailed analysis of Quantum
mechanisms of these effects.

Key words: extremely weak magnetic fields, aqueous solution, amino acids, cyclo-
tron resonance, coherence domain

Introduction

About 25 years ago Profs Abraham Liboff' and Carl Blackman? in the USA discovered
that weak (several tens of mcT) combined alternating and static magnetic fields resonant-
ly affect different biological objects when the alternating magnetic field frequency was
equal to the cyclotron frequency of some biologically active metal (calcium, potassium,
magnesium) ions. The cyclotron frequency is determined by the following way:

_Q_B-v (1)

Verp = )
2mm

CF

where ¢ is an ion charge, m is its mass, and B, is the static magnetic field. After some

Address: Mikhail Zhadin, Institute of Cell Biophysics of RAS, 142290 Moscow Region, Pushchino, Russia
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discussions and theoretical analysis"? it was accepted that such sort of effect is impossi-
ble for free ions, because the dimensions of an ion rotation radius should be measured
by meters at room temperature and at very low static magnetic fields used in all the
above experiments. But they could arise for ions bound in molecules*.

However, in 90s after discovering”*® the resonant effects in aqueous solutions of alpha
amino acids the situation became much more complicated. The static magnetic field was
of 40 mcT, which is close to the natural geomagnetic field as earlier, but the alternating
magnetic field of about 40 nanoT was thousand times less than in Liboff’s"® and
Blackman’s? experiments. The two difficulties befogged the understanding of Physical
mechanisms of these effects. The first one was the fact that in this case the ions were
free, and the second one was connected with that the alternating field was thousand times
less than in Liboff’s effect’, not counting even the fact that amino acids are not metals at
all. The editorial staff of Bioelectromagnetics journal firstly delayed the publication of
our submitted manuscript and asked to give some kind of Physical explanation of such
unusual effect. This theoretical analysis was given by us four years later, when we point-
ed that similar effect could arise in solutions containing microcrystals of dissolved mat-
ter. But situation with the extremely weak alternating magnetic field nevertheless stayed
unclear. Fortunately, both our articles® °, experimental and theoretical ones, were pub-
lished*® in this journal. Later, our experiments were successfully replicated in Italy'"
and in Germany", and now the different articles appeared in international scientific
press'™'7 [and others], which were experimentally developing the investigations of
Biological effects of the extremely weak alternating magnetic fields iz vivo on animals.
However, till 2002 an obstacle in understanding such sort of the ionic cyclotron reso-
nance effect remained insuperable. It was the impossibility of essential acceleration of
an ion at the real viscosity of an aqueous solution under the influence of extremely weak
combined magnetic fields. The Classical Physics was giving the well defined negative
answer to the possibility of such effect. This problem was solved by Quantum
ElectroDynamics of condensed matter.

Physical mechanisms of extremely weak combined magnetic fields action

At the end of 20th century in the famous Institute of Nuclear Physics (Italy) Prof.
Giuliano Preparata and his colleagues elaborated a new branch of Quantum
ElectroDynamics — the theory of condensed matter'®*'. Among different liquid media the
specific attention was drawn to water with its multitude of unsolved problems which
now are successfully solved by this new branch of Quantum Physics. Quantum
ElectroDynamics of water convincingly evidenced that the liquid water consists of two
components: coherent and incoherent ones. The coherent component is contained with-
in spherical structures, the so called “coherence domains”, where all molecules have the
wave functions, oscillating synchronously with the same mutual phase. Coherence
domains are surrounded by the incoherent component where the molecular wave func-
tions are oscillating with casual phases relative to each other. As a matter of fact, the
incoherent component is the water from the point of view of Classical Physics.
Diameters of coherence domains are measured by tenths of a micron, and at room tem-
perature the total volume of the domains is about 40% of the whole water volume.
Within a domain, the features of coherent water sharply differ from ones of incoherent
water and from the water as a whole. Within domains the water viscosity and oscillation
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damping are about ten times less than viscosity and damping in the whole water. The flu-
idity in the domain is essentially increased, and the diffusion rate of foreign inclusions
is much higher than within the incoherent water. The theoretical estimates of all electri-
cal constants of the whole water, being earlier inexplicable by Classical Physics, for the
first time turned out to be close to the experimental values, being analyzed by Quantum
ElectroDynamics of water. And the unusual dependence of water density on temperature
was explained too. The stability of coherence domains is rather high, because the bond
energy of water molecules within coherence domains is much more than the thermal
noise energy.

In our recent work® we considered the amino acid ionic exchange between incoher-
ent medium and coherence domains (using a glutamic acid ion as an example) under
the influence of weak combined magnetic fields. (In this work we name the aqueous
coherence domain containing one or more foreign molecules or ions as a “mixed
domain” for brevity. We’ll use this term further for the same purpose). In the above arti-
cle we studied the formation of mixed coherence domains in aqueous solutions of some
amino acids and revealed the mechanisms of capture of some amino acid ions in zwit-
terion forms. Far from all soluble matters are able to form the mixed domains, but only
ones which have the main spectral lines, common with the lines in water spectrum. In
the present article we’ll analyze in detail the mechanism of escape of amino acid ion
from the mixed coherence domains under the action of resonant combined magnetic
fields.

In our analysis of magnetic field effect on ion motion within coherence domains we
shall consider the domain wall without traditional easy-to-use approximation of a verti-
cal potential well because the resonant increase in kinetic energy of an ion is impossible
at this very rough approximation. Here we shall consider the domain wall as a layer with
the finite thickness, in the range of which the density and viscosity have the same val-
ues as within the whole domain. Earlier we* derived, analyzed and solved the equation
of the ion motion in the centrally symmetric potential field under the influence of paral-
lel combined static and alternating magnetic fields. Here we’ll use some important
achievements of the above work. The equation will have the following form:

d’ d : d
oy e _p2p (A g, 0 [ 9B p )
d’ dt dt 2m dt

The equation (2) is given in the vector form. Here is the radius-vector of the ion posi-
tion originating at the equilibrium point of the ion; 7 is the time; ¢ and m are the charge
and mass of the ion; B is the total static and alternating magnetic fields; y is the damp-
ing coefficient inhibiting ion circulation around the center wo; is the natural frequency
of the ion oscillation in a coherence domain; F is the total force of an action of sur-
rounding particles on the ion that causes the thermal motion of the ion near its equilib-
rium point; the bold letters denote vectors; the square brackets symbolize vector prod-
ucts. On the left the general form of a potential well inside a coherence domain is shown.
On the right the first term takes into account the passive friction, and the second one is
determined by the force of the intradomain potential field restoring the ion to its equi-
librium point; the third term is the Lorentz force of the magnetic field action on the mov-
ing ion which manifests itself in the rotation of the trajectory of the ion thermal motion
around the magnetic field line; the fourth one results from the force made by the curl
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field generated by the time-varying magnetic field. In the following, we considered the
parallel magnetic fields algebraically summed: the static field, B,, and the alternating
field, Bac, harmonically varying.

On fig. 1A the drawing of the approximate form of the potential well inside a coher-
ent domain is shown. In the center of a domain the potential slow nonlinearly increases,
step by step enlarging the rate of its rise. Within the peripheral region (between two ver-
tical dotted lines R; and R.) its rising becomes especially sharp — it is the before men-
tioned domain border of finite thickness. In the area with R. > R;the incoherent medium
is located. On the right-hand the drawing of the coherence domain is shown, where the
incoherent component outside the coherence domain border is shown too.

When the combined magnetic fields with a cyclotron frequency, corresponding to dis-
solved amino acid, become switched on, the dissolved amino acid ions can be located in
arbitrary points, others than the domain center. All these ions started their comparative-
ly slow rotation around different centers, other than the domain center. But these centers
will begin to slide automatically step-by-step toward the domain center, because the
minimal potential energy is located there. In some time, all the amino acid ions will gath-
er on concentric orbits around domain center, forming the stable configuration with min-
imal potential energy. After that they become their rotation along the concentric orbits
inside the domain, increasing their kinetic energy. It is rather effective because it will be
not only due to the increase in the radius elongation, but especially because the kinetic
energy will be especially grow within the high potential gradient in the layer R. > R;of
high nonlinearity in its potential growth. The group of ions leaves the coherence domain
at the border R; and enters into the incoherent medium, creating its contribution into for-
mation of the prominent peak of the current through the solution. The viscosity of the
coherent water inside the domains is about an order lower than in the incoherent media.
It permits to increase the ion energy (which is proportional to squared ion velocity) to
one or even two orders that is quite enough for leaving the ion from the domain. These
processes would not practically influence on the total temperature of the domain and the
total solution because of low mass of the total amino acid ions compared to the total
mass of the surrounding water. Of course, the effectiveness of such sort of accelerator is
extremely low, but it is quite enough for ion leaving a domain.

vV A B

80 A
Ve 70
60 R,
50

30
LY/ [ S
10

Fig. 1. A) The general form of a potential well inside a coherence domain. B) The coherence domain with
the part of incoherent component R, > R; area are shown. (Details are explained in the text of this arti-
cle)
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Abstract

Albert Szent-Gyorgyi stated that scientists cannot formally distinguish between
animate and inanimate things possibly because biological science concentrated
on studying substances typical for living things and neglected two matrices
without which they cannot perform anything: water and electromagnetic fields'.
As a matter of fact water represents 70% of the total mass and 99% of the mole-
cules in average living organisms, so that it is conceivable that it should play an
important role in the dynamics of the alive. Since the single water molecule is too
simple, as compared to the structure of the other biomolecules, it is unreasonable
to think that it could play a role as a single independent object. The only possi-
bility is that such a role could be played by the supramolecular organization of
a large number of water molecules. Collective properties of water are thus the
main topics to be investigated in a biological context. Since the long range inter-
action among molecules cannot be but electromagnetic, the long range organi-
zation of water molecules requires the essential intervention of the electromag-
netic field. A theory of the organization of liquid water in the framework of
Quantum Electrodynamics has been worked out in the last two decades. It has
been shown that in the liquid state water self-organizes and produces extended
regions (coherence domains, CD) where the component molecules behave in
unison, having the phase locked with the phase of a self-trapped electromagnetic
field. It is therefore conceivable that externally applied electromagnetic fields
should have the collective organization of water as their primary target and they
are able to affect the other biomolecules through the mediation of water.

Water is able to constrain the behaviour of biomolecules in such a way that they
would not follow anymore a diffusion dynamics. Biomolecules would be governed
by Elecromagnetic field (EMF) originated by the coherent structure of water.
The replacement of the diffusive dynamics by a field driven dynamics allows the
arising of ion currents in a living environment which are no longer subjected to
the constraints of the thermal noise. As a consequence these currents could be
affected by applied EMF much weaker than those allowed according to the kT
threshold.
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Such an approach is discussed in the present paper in the particular case of elec-
trolytes and is shown that the action of very low frequency magnetic fields on
ions can be accounted for by introducing their effect on the dynamics of water.
In this frame the so called Zhadin effect assumes a meaning as a probe of the
inner structure of water as it is governed by electromagnetic fields.

Key words: quantum electrodynamics, quantum field theory, ion cyclotron reso-
nance, non-thermal mechanisms of electromagnetic bio-interaction, electromag-
netic therapy, coherence in living matter

Introduction

Living organisms generally are complex systems where a huge number of molecular
species interact within a large amount of water. All these components have, in these
conditions, configurations quite different from the one assumed when they are isolated.

As far back as 1957 Albert Szent-Gyorgyi said that biologists where still unable to
provide a formal definition of “animated matter” since they limited themselves to study
biomolecules to the neglect of the two matrices without which biomolecules cannot
perform any functions: water and electromagnetic fields.

As a matter of fact, by the middle of the last century it has been recognized that a thick
layer of “special water” appears on hydrophilic surfaces reaching a depth of several
hundreds of microns®. The same result has been reproduced quite recently in much more
detailed way by the group led by Pollack’.

Since living matter is a dense assembly of macromolecules embedded in water, the
ensemble of biomolecules constitutes a huge surface area hydrated by water, so that we
can safely assume that biological water would assume the same properties of the “special
water” existing near the hydrophilic surfaces. Consequently physical-chemical processes
going on in living matter should be considered quite different from those occurring in
diluted solutions®.

The main properties of this “special water”, named EZ water, are’:

a) EZ water excludes solutes; hence the name Exclusion Zone (EZ) for the region

occupied by such water;

b) its viscosity is higher than viscosity of normal water;

¢) it is an electron-donor, namely a reducer, whereas normal water is a mild oxidant:
consequently the interface EZ-water/normal water is a redox pile, where the redox
potential could have a jump of a fraction of a Volt;

d) EZ water exhibits a fluorescent response in the UV region at 2700 A.

The property c) of the above list has been recognized in 1956 by Szent-Gyorgyi’, who
discovered an exceptionally long living state of electronic excitation of the different
molecular species interacting with the ordered water. He suggested that the above prop-
erty is at the origin of the energy transfer in biological systems explaining how the
energy bound in biomolecules can be transformed into free energy able to perform useful
work. Following this line of thought, he defined life as the dynamics occurring between
two levels of the electron clouds of water molecules: an excited state and a ground state.
It is just this electron dynamics at the origin of the singular redox properties found in the
water in living matter.
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In this conceptual frame life can be seen as a little electric current going round and
round.

It is apparent that here electromagnetic fields find a place within the biological
dynamics. Electromagnetic fields are just able to couple with the current of electron
excitation producing important consequences on the biochemistry which is just governed
by this electron excitation.

In the present contribution we will examine the dynamics sketched above in the frame
of Quantum Electrodynamics (QED®*’. We will use the particular phenomenon discov-
ered by Zhadin and co-workers*’, concerning the interaction of weak magnetic fields
with ion currents as a probe to test the QED concepts. This phenomenon provides an
example of non thermal interaction between electromagnetic field and living matter.

Water is a quantum liquid

The EZ properties, discovered in the last half century, can be hardly understood in the
conceptual framework of electrostatic (ES) interactions used so far to analyze intermol-
ecular dynamics. In the ES approach, the interaction is conceived to occur via static
potentials introduced ad hoc to account for the observed properties'. In the ES interac-
tion the mutual excitation of molecules has no chances of reaching the very high level
of energy — 12.60 eV! - necessary to extract an electron from a water molecule. The
observed phenomenon of the acquisition by water of a reducing capability is therefore
incompatible with the ES conventional approaches to water. We need a more robust
interaction which cannot arise from a pair-wise interaction but demands a collective
dynamics involving a large number of molecules.

QED provides a clue to solve this problem. We will summarize now the QED
approach to water, following the lines of reference''.

An ensemble of molecules, for instance water molecules, can enter in an oscillatory
dynamics between two internal configurations of theirs picking up the necessary transi-
tion energy from the ambient electromagnetic background, in particular the quantum
vacuum.

Molecules have a size of some Angstroms, whereas a typical transition energy
between different internal configurations has an order of magnitude of a few eV: in the
case of water, 12 eV. The typical size of the supplier of such energy, namely a photon,
is just the photon wavelength, connected to energy E by the equation

A = he/E (1)

where h is the Planck’s constant and c the speed of light.

For E= 12 eV, we get A = 1000 A. Namely the photon has a size one thousand times
larger than the molecule it is going to excite!

Should the molecule density be large enough the exciting photons would cover simul-
taneously many molecules, giving rise therefore to a collective process?

Let us describe the process in more detail.

The photon excites a first molecule, which after a time — the lifetime of the excited
level — decays releasing back the photon, which has two options: either return back to
the ambient background or excite a second molecule.

Let us call P the probability of excitation of one molecule by the photon and N the
number of molecules present within the volume V=A’ occupied by the photon.
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When the molecule density n=N/V matches or overcomes the critical threshold
N.i=N/V; such that:

PN nei=1 2)

the photon has no chance of coming back to the ambient background and keeps
permanently trapped in the ensemble of molecules. The same fate occurs to the other
photons coming out of the ambient background, so that in a very short time a large elec-
tromagnetic field grows within the molecule ensemble being trapped into the volume V
which from now on we will refer to as Coherence Domain (CD). According to a general
theorem of Electrodynamics, the other molecules passing by near the CD are attracted
by resonance within it producing the huge increase of density actually observed in the
vapour-liquid transition. This increase of density ends when the hard cores of molecules
reach a close contact. This saturation value of density coincides with the observed
density of the liquid, which in the case of water is 1600 times higher than the vapour
density. According to the mathematical treatment in reference", the above dynamics
produces a CD where the component molecules oscillate permanently between the mole-
cule electron ground state and the electron excited state at 12.06 ¢V, a level lower the
ionization level by half an eV only. Moreover an electromagnetic field is permanently
trapped within the CD; this field has a frequency which in energy units is 26 eV, i.e. 6.5
x 10¥Hz , whereas its wavelength is 1000 A. According to a general property of quantum
field theory, the frequency of such field is much lower than the frequency of the free
field having the same wavelength; the frequency of the free field would be actually 48
times larger. This renormalization of the frequency of the field is the element producing
its self-trapping; this renormalization eliminates the actual distinction within the CD of
matter and field. We get actually an intimate mixture of both matter and field, that could
be called energized matter. We remind that at the end of 19" century the German botanist
Julius Sachs” coined the term “energid” namely energized matter, to denote the
substance constituting living organisms.

We can understand better the self-trapping mechanism by referring to the relativistic
definition of the mass m of a particle. We have actually

m? = B ¢p? =h? (v-c/\) 3)

where p is the momentum and v the frequency.
In the free field case

v =c/\ 4),
so that the free photon has a zero mass, as well known. In the CD we have seen that
v2-cH/N< 0 (5)

so that the CD photon has a negative squared mass, i.c. an imaginary mass. This
means that it cannot propagate as a particle and appears in the form of the CD cohesion
energy.

Let us consider the energetics of the CD.

According to the quoted reference' a component water molecule of the CD finds
itself in a superposition of the ground state with a weight 0.87 and a state excited at 12.06
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eV, having a weight 0.13. Correspondingly the average excitation energy of the compo-
nent molecule is 1.53 eV, whereas the trapped electromagnetic field requires an energy
of 3.55 eV per molecule. However the interaction energy between the trapped electro-
magnetic field and the electric current produced by the oscillation of the molecule elec-
tron cloud gives rise to a negative value of — 5.34 ¢V, producing a net balance of — 0.26
eV per molecule, which correspond also to the frequency of collective coherent oscilla-
tion of all the molecules in unison within the CD. In this way the onset of electrodynamic
coherence corresponds to a lowering of the total energy and simultaneously to a
lowering of its entropy since coherence prescribes a common motion to all molecules,
curtailing sharply the number of microstates, whose logarithm is just proportional to
entropy.

The above theory applies to all molecular species, but the case of water is peculiar
since the excited state involved in the coherent oscillation lies just below the ionization
threshold. The coherent oscillation produces therefore in its own high energy limit an
almost free electron per molecule. Considering the complete oscillation we get 0.13
almost free electrons per molecule. Since in a single CD we have at room temperature
5.5 millions of molecules, we have permanently about 700,000 almost free electrons.

Let us now address the dependence of this dynamics upon temperature T. The elec-
trodynamic attraction discussed so far is perturbed by the collisions with particles
external to CD, whose number and violence depend just on T and on pressure P.

Let us keep P constant. It is possible' to calculate for each temperature the fraction
of molecules pushed out of tune by the collisions. In this way we get a two phase picture
of water: a coherent phase having a constant density 0.92 (the density of ice) whose frac-
tion decreases with temperature and a non coherent, gas like, phase squeezed in the inter-
stices among the CDs, whose density decreases with temperature and whose fraction
increases with it.

Given the flickering character of collisions the space structure of the two phase
system is flickering also, so that a measurement having a resolution time large enough
would find an average homogeneous situation. Only measurements with a very short
resolution time (of the order of the collision time, 10"° s) would detect the two phase
structure. As a matter of fact a very recent X-ray small angle investigation" has found
evidence of the presence of two liquids having different densities in normal bulk water:
the first one, having a larger viscosity, formed by microstructures, the second one,
having a lower viscosity, formed by non bounded molecules. Although this experiment
is able to detect the existence of the density fluctuations does not seem to be able to
reveal the real size of the aggregates which would appear only on an instant snapshot. A
finite resolution time allows to detect only the aggregates living longer whereas would
ignore the aggregates living a shorter time. Evidence of the presence of larger aggregates
in aqueous solutions, which could be traced back to the QED predictions, have been
presented in a recent paper by Yinnon & Yinnon'.

The above considerations apply to bulk water.

Near a hydrophilic surface or in any situation where the disruptive effect of collisions
is somehow reduced, the CDs become much more stable, so that they are able to exhibit
for a long time their typical properties. It is intriguing to realize the coincidence of the
predicted properties of CDs with the observed properties of EZ water.

In a CD water molecules are kept closely packed by the self-trapped electromagnetic
field, which excludes the non resonating particles. Thus the solutes are expelled from
within the CD; in particular molecules of the atmospheric gases, that are always present
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in water, are excluded from within the CD and form micro bubbles aside. In bulk water,
where the CD network is flickering, the array of micro bubbles is flickering too, as
confirmed by experimental observation. On the contrary when the array of CDs gets
stabilized, a stable network of micro bubbles appears. This occurs in those “special
waters” where the coherent network is stabilized by special procedures (dissemination
of inert microspheres, irradiation by microwaves and so on); this is the case of so called
“neowater”, described in the literature”. The appearance of a stable network of micro
bubbles coincides with the appearance of the order in treated water.

It is interesting that a stable network of micro bubbles, having a size comparable to
that of CDs (100 nm), appears also in an aqueous structure dynamically created long
ago', the so called “floating water bridge”, recently produced applying very high volt-
ages (15 kV or more) to neighbouring beakers filled with pure water'”. The liquid consti-
tuting the water bridge has been shown to exhibit an internal order'®'” comparable to that
of “neowater” and other “special waters”.

The peculiar redox properties observed in EZ interfacial water find an obvious expla-
nation in the large amount of almost free electrons available in CDs.

A particle of electric charge q and mass m in presence of an electromagnetic field
whose vector potential is

A= a(x) exp(iot) + a(x)*exp(-i wt) (6)
is acted upon by the so called ponderomotive force:
F,=-q/(2m) grad 1| A|*1=qV, (7)

Equation (7) can be easily understood by writing the Hamiltonian for a particle with
momentum p embedded in a field A:

H= (p+qA)¥/(2m) ®)
which gives rise to the field energy distribution
U=q/ (2m) | A|* ©)

whose gradient is just the ponderomotive force in (7).

Since there is an electromagnetic field trapped within the CD, grad | A | ? acquires a
large value on the outer mantle. Thus the ponderomotive force, which is inversely
proportional to the mass of the particle acted upon, pushes outwards the CD electrons
much more than nuclei. As a consequence a double layer of electric charge appears on
the CD boundary producing a capacity per unit area of 20 uF/cm? and a difference of
electric potential of about 100 mV?. In the double layer the negative charge is outwards.
In this way the CD is able to transfer electrons outwards quite easily.

The QED scheme accounts also for the higher viscosity of EZ water. As a matter of
fact the coherent fraction of water approaches the unity when temperature approaches
2000 K, where water enters into a glassy state, i.e. purely coherent water looks like a
glass®. Recently it has been reported that a glass transition is very likely to occur within
compressed cells®. Since we know that water is the main component of cell matter one
could presume that cell water, being a totally interfacial water, should be almost totally
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coherent. As said in reference®: ” interfacial and intracellular water is directly involved
in the formation of amorphous matrices, with glass-like structural and dynamical prop-
erties. We propose that this glassiness of water, geometrically confined by the presence
of solid intracellular surfaces, is a key characteristic that has been exploited by Nature
in setting up a mechanism able to match the quite different time scales of protein and
solvent dynamics, namely to slow down fast solvent dynamics to make it overlap with the
much slower protein turnover times in order to sustain biological functions. Addition-
ally and equally important, the same mechanism can be used to completely stop or slow
down biological processes, as a protection against extreme conditions such as low
temperature or dehydration”.

The formation of a coherent region much more extended than the single CDs (some
hundreds of microns vs 0.1 micron) is the consequence of an additional coherent
dynamics which emerges in presence of external electric polarization fields, such as
those produced by hydrophilic surfaces®. In this kind of coherence the coupled states are
the rotational states of the water molecules that produce a coherent oscillation on a range
of more than 400 microns but producing a very small energy gain. Consequently this
coherence does not contribute significantly to the water cohesion but is able to tune
together the smaller CDs. A consequence of this coherence is the emergence in the inter-
facial water of a permanent electric polarization field which has been actually observed
in living organisms®.

Water and electrodynamics in living organisms

The organization of liquid water induced by the electrodynamic interaction and stabi-
lized by the hydrated surfaces satisfies the requirements proposed by Szent-Gyorgyi half
a century ago'. The organized water fulfils three main functions:

1) it governs the encounters among molecules through a resonance mechanism;

2) it stores low grade (high entropy) energy picked up in the environment, trans-
forming it in to high grade (low entropy) energy, able to produce electron excita-
tions of biomolecules;

3) it is able to release electrons as a consequence of very tiny excitations, so making
the CDs a catalyst for redox biochemical reactions.

Let us comment briefly the above statements.

About the first point we wish to recall a fundamental theorem of electrodynamics”
which states that two particles able to oscillate on the same frequency of an electromag-
netic field attract mutually inside the region filled by the field. The attractive force is
proportional to the gradient of the squared field, so that the surface of the CDs becomes
a privileged place where coresonating molecules get strongly attracted and are able to
chemically react. The output energy of the reaction is picked up by the CD almost
entirely, since the energy transfer via electromagnetic interaction is much faster than the
energy transfer via diffusive processes toward the non coherent phase. The energy
transfer induces a change in the frequency of the coherent oscillation of the CD giving
rise to exchange of the attracted molecular species. Consequently the water CDs are able
to catalyze on their surface time dependent sequences of molecule encounters; each step
of the sequence is determined by the previous one via the amount of the energy output
of the reaction. In this way the emergence of a complex biochemical cycle becomes
possible.
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About the second point we recall that in each CD there is a reservoir of almost free
electrons. A tiny amount of energy assumed by the CD is able to induce a coherent exci-
tation of this reservoir®, which appears as a vortex of electrons, having an angular
momentum quantized to integer multiples of / (constant of Planck), and consequently a
quantized magnetic moment. In Del Giudice and Preparata® it has been shown that the
life times of these vortices are very long, up to weeks or months. Since Earth has a non
vanishing static magnetic field the magnetic moments of the vortices, that are “cold”
because of coherence, are aligned. The long life time of the vortices allows to sum up
many of them, producing higher and higher excitations in time. Many uncorrelated small
excitations produced by an environment having a high entropy are then transformed in
an unique excitation, whose entropy is zero and whose energy is the sum of energies of
all the component excitations. In this way the water CD is a device able to collect high
entropy ambient energy and give rise to a single high energy electron excitation: this
mechanism implements®” the thermodynamic requirement for a “dissipative structure”,
as postulated by Prigogine®.

When the stored energy equals the activation energy of some coresonating molecules
it is transferred to them in a resonant way.

About the third point we observe that the CD in its ground state presents an energy
barrier for its almost free electrons of about half an eV. The height of this barrier is
reduced when the CD is in an excited state, so that a supply of electrons is provided to
the resonating molecules together with a supply of energy.

The complex biochemical structure emerges as a consequence of the electrodynamic
structure of the water CDs, that can be regarded therefore as the main agents of the self
organization of living organisms. Given the basically electromagnetic character of this
organization it is not surprising that living organisms are able to interact with external
electromagnetic fields in a “non thermal way”. The prejudice that the only electromag-
netic effect on living organisms be the thermal effect depends on the misconception that
a living organism is constituted by independent non coherent molecules. A strong
support to the point of view described above is provided by the result recently reported
by the Montagnier group®: they were able to detect low frequency electromagnetic
signals produced by the aqueous structures surrounding the bacterial DNA during the
infection process which can be regarded as a period of intense biological activity.
Another experimental evidence compatible with the above approach is the finding of
Blank and Goodman®: they have found evidence that electrons, both in DNA and
surrounding water “fluctuate at frequencies that are much higher than the frequencies of
the EM fields studied. The characteristics of the fluctuations suggest that the applied EM
fields are effectively DC pulses and that interactions extend to microwave frequencies”.
This finding can be understood only assuming that electrons are not tightly bound within
their molecules as it occurs when molecules are isolated, confirming that the living
system cannot be conceived as an assembly of basically isolated molecules.

In next sections we wish to discuss in detail a different case of interaction of electro-
magnetic fields with biomolecules, namely the so called Zhadin effect®” .

The Zhadin effect

In the 1980’s two experimental groups reported the surprising results that the appli-
cation of a very weak alternating magnetic field, aligned with the Earth’s magnetic field

14



E. Del Giudice, L. Giuliani: Coherence in water and the AT problem in living matter

produced detectable inflows of selected ions in cells when the frequency of the alter-
nating field matched the ion cyclotron frequency, namely:

v=0/2m) = 1/2n)@m)B  (10)

where q and m are the ion charge and mass respectively and B the Earth magnetic
field*.

In particular, Blackman and co-workers** observed a change of calcium ion concen-
tration in the cerebral tissue of chicken that had been previously exposed to an alter-
nating magnetic field (AC MF) in the band of Extremely Low Frequency (ELF). The
exposure was performed in laboratory, in presence of the geomagnetic static field (DC
MF). Further interpretations of the phenomenon suggested a relationship between the
flux of calcium ions within the cerebral tissue and the action of both magnetic fields, the
applied artificial AC MF and the natural geomagnetic field**. An ion motion was hypoth-
esized along cyclotron orbits around axis parallel to the geomagnetic field. In such
hypothesis the flux of calcium ions would have been due to a resonance effect of the
applied artificial AC MF matching the cyclotron frequency of the tested ion species. It
seemed to be an effect like an Ion Cyclotron Resonance (ICR)*, although a cyclotron
orbit in the ELF band was believed to have a radius in the range of meters.

In the early 1990’s at the Institute of Cell Biophysics of Pushchino, in the region of
Moscow, Zhadin and co-workers®® performed a series of experiments to investigate
whether weak AC MF, in the band of ELF, combined with parallel DC MF had any
effect on aqueous solutions of aminoacids, particularly on aqueous solutions of GLU at
pH 2.5. At pH 2.5 GLU is a neutral molecule but it appears to be an electric dipole due
to the presence of both COOH- and NH," groups. The solution filled an electrolytic cell
whose electrodes had a potential difference of 80 mV (fig. 1). This system was selected
as the simplest model of a living cell, a sort of electrochemical substitute of a liposome.
The aim was to understand whether weak AC magnetic fields, in the presence of
geomagnetism, were able to influence such a model system and to estimate the minimal
threshold of the alternating magnetic field able to induce an effect. In the experiment
they measured a weak electric current passing through the solution (fig. 2).
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Fig. 1. Experimental installation. 1 - Cuvette with solution. 2 - Electrodes. 3 - Solenoid coils. 4 - Magnetic
screen of Permalloy. 5 - Direct voltage source. 6 - Sine-wave generator. 7 - Measuring block: stabilizer of
electrode voltage, current meter, recorder

15



Eur. J. Oncol. Library, vol. §

nA

3

0 - Z
. L i 2 i 4 P i L -
! £ Hz

Fig. 2. lonic current through aqueous glutamic acid (Glu) solution as a function of alternating magnetic field
frequency at different values of static magnetic field. The alternating magnetic field frequency in Hz is plot-
ted on the horizontal axis; the ionic current in nA is plotted on the vertical axis. The alternative field ampli-
tude is 0.025 ut; a static magnetic field B, = 20 ut; b: B, =30 ut; c: B, =40 ut; 1: Glu solution with pH =
2.85; 2: Glu solution with pH = 3.2; 3: water with pH 2.85

The experimental equipment was shielded by means of a cover of permalloy to avoid
that the geomagnetic field could penetrate in the vessel.

In such a way Zhadin and co-workers were able to test the exact relationship between
the intensity of the DC MF — which they artificially produced without any use of the
natural geomagnetic field - and the frequency of the AC MF, taking into account that the
cyclotron frequency is proportional to the actual intensity of the existing DC MF. If the
frequency of the AC MF, able to induce an effect, matched the cyclotron frequency of
GLU corresponding to the produced DC MF, then they got the proof that the effect was
due just to the cyclotron frequency of the applied AC. The DC MF amplitude was chosen
close to the geomagnetic one: 0.04 mT. Several values of AC MF amplitude were tested.
For each tested value of AC MF amplitude Zhadin and coworkers scanned the range of
frequencies around the proper cyclotron frequency of the ion of GLU. A peak of the
current established through the solution appeared when the frequency of the applied AC
MF matched the cyclotron frequency of GLU corresponding to the produced artificial
DC field (three different DC fields were produced). The peak of efficiency was reached
when the intensity of the AC MF was 25 nT , about one thousand times lower than the
intensity of the actual DC MF.

Since the applied AC MF was so weak the effect should be necessarily attributed to
a non thermal mechanism which is able to generate a peak of current, which could not
be explained otherwise.

A surprising effect, connected with the above effect, has been reported by Giuliani,
Zhadin and co-workers*. They removed the electrodes from within the cell and applied
then outside on the outer walls of the vessel, making it a condenser cell. A voltage was
applied analogously to the previous case producing an electric field in the cell. The
Zhadin combination of magnetic fields was applied orthogonally to the direction of the
electric field. When the frequency of the AC magnetic field matched the GLU cyclotron
frequency a very narrow peak of current appeared in the coils of the solenoid producing
the magnetic field, suggesting an effect of the applied magnetic fields that was not a
molecular effect but an extended field effect.
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Discussion of the Zhadin effect
The water-GLU system

The Zhadin system is an aqueous solution of GLU at pH 2.5. GLU is a biomolecule,
namely it is able to resonate with the water CDs. The frequency of oscillation of CDs
depends on the number of component molecules, which in turn depends on temperature
T. At T=0 this frequency (in energy units) is 0.26 eV, whereas at room temperature
(T=300 K) is slightly more than 0.20 eV. A molecule is able to resonate with the CD
when the difference between one of its own frequencies and the CD frequency is less
than the thermal noise kT, which at room temperature is 0.025 eV. Consequently a mole-
cule can resonate with the water CD when its spectrum contains at least one line in the
interval (0.20 + 0.025) eV. GLU has a line in this range*. The attracted GLU molecules
settle in the outer mantle of CDs where they align their electric dipoles to the radial
direction and are subjected to the “ponderomotive” force defined in equation (7). The
GLU molecules get therefore stretched and the less bound electron is hanging out of the
molecule core on the CD surface. Should positively charged particles be present just
outwards, the ensuing attraction could be able to break the binding of the electron with
its parent molecule transforming it into a positive ion. There should exist therefore a crit-
ical value of pH below which the GLU molecule gets ionized in aqueous solution. Since
at pH 7 GLU is a neutral molecule there is a range where GLU is a polar molecule: that’s
the range where the Zhadin effect is detectable™.

In such a range of pH values the GLU molecule is ionized, although its charge could
be screened by the cloud of electrons surrounding the outer side of the surface of CD.

When pH becomes low enough to spoil this electron cloud GLU ions can appear in
the open. However GLU ions respond to applied magnetic fields in the same way irre-
spective of the presence of the electron cloud. This allows us to understand why in the
absence of magnetic fields the critical pH for the ionization of GLU solutes is 1.5
whereas the threshold in presence of the Zhadin combination of magnetic fields grows
up to 3.

The above dynamics of trapping of ions by CDs requires of course that CDs be
present for a long time, almost in the order of seconds like the spike of the Zhadin effect.
We have shown in section “Water is a quantum liquid” that in bulk water CDs live a very
short time, giving rise to a flickering structure of the liquid. Consequently the trapping
of ions of CDs can give rise to detectable effects only near surfaces, where water
becomes EZ water’. It has been recently shown that unexpectedly large solute-free zones
appear also at water-metal interfaces®”. The depth of such zones depends on the specific
metal, increases with the applied over-potential and demands some time (tens of
minutes) to be formed and to reach the equilibrium value. It is apparent that the water
volume affected by the Zhadin’s phenomenon is only the volume of the interfacial water
present in the experimental layout. In this context the reproducibility of the Zhadin effect
depends critically on the state of the involved surfaces, which are the electrode surfaces
in the case of the Zhadin experiment in the electrolytic cells and the glass surfaces in the
case of the experiment performed by Giuliani, Zhadin and co-workers®.

An additional important factor to be considered implies the ion species involved in
the experiment. According to equation (7) ions approaching a CD are affected by the
ponderomotive forces, so that light ions could be repelled so much to prevent them to
reach the CD boundary. Only ions whose mass exceed a critical threshold could come
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in so close contact with the CD surface to give rise to the Zhadin dynamics. As a matter
of fact, by applying to a living system the same combination of magnetic fields as that
used by Zhadin, Liboff observed the selective entrance of ions within cells*: *.
However the only ions involved in this phenomenon were those heavier than sodium®.
The presence of the ponderomotive force on the CD boundary seems to provide a
rationale to the existence of the well known sodium-potassium pump, since, according
to equation (7), the repulsive force acting on the potassium ions (whose mass is about
40 a.u.) is about one half of the force acting on sodium ions, whose mass is about 23
a.u. In this way a mixture of sodium and potassium ions gets split by the ponderomo-
tive force in two layers where the potassium is closer to the CD surface within the cell
membrane.

Let us now come back to the analysis of ions lying on the CD surfaces near the elec-
trodes. We know that ions heavier than sodium are able to fall on the CDs boundary and
co-resonate there with the CD frequency, provided that they have the suitable spectral
line. We have already observed that this is just the case for GLU. Should a static
magnetic field be present these ions would orbit around the CD without any friction, just
because of the coherent conditions that prevents collisions. As shown in reference* ions
form always a coherent system at all concentrations, since their Debye-Huckel oscilla-
tions meet always the coherence conditions. A major effect of the ion coherence is the
elimination of the inter-ionic collisions; collisions are forbidden since the requirement
that all ions oscillate with the same frequency implies that all the Debye-Huckel cages
should be equal. The piercing of a cage by an ion scattering against its neighbour would
just destroy coherence. Moreover the coherence of the ions with the water CD prevents
also the collision ion-water molecule. All these reasons imply that the motion of ions on
the CD surfaces is frictionless and governed only by the fields trapped in the CD. The
absence of a diffusive regime for ions voids all the objections embodied in the so called
“kT paradox™*. Moreover the large electromagnetic fields trapped in the CD screen out
any externally applied electric field, so that ions trapped in a CD cannot join the elec-
trolytic current.

We describe now the onset of the electrolytic current in a cell filled with a dilute solu-
tion of GLU. In the initial situation ions are dissolved in the incoherent fraction of water
that is filling the interstices among the flickering CDs in the bulk water. In the absence
of an applied voltage ions cannot penetrate into the EZ existing near the electrodes.
When a voltage is switched on ions are pushed within the EZ and get a chance to be
trapped on the CD surfaces. This process of falling on CDs requires a short time, during
which the amount of the current depends on the total concentrations of GLU ions, which
are all carriers of the current. However in a very short time a fraction of the ions gets
trapped on the CDs, decreasing therefore the total amount of the current, whose value
settles on a level lower than the original one. This phenomenon seems to be a sort of
passivation of the electrode®, but the electrodes play the only role of producing a thick
layer of EZ water. As described in reference®, the formation of this layer demands some
time, so that the outcome of the Zhadin effect in the experiment depends critically on the
interval of time between the filling od the electrolytic cell and the switch of the electric
field. The outcome could be also critically affected by the presence of impurities on the
electrodes able to disrupt the formation of the EZ water. Similar considerations could be
applied to the glass containing the aqueous solution of GLU, in the case of the experi-
ment of Giuliani, et al.®.
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The role of the magnetic fields

Let us now apply to the GLU-water system a static magnetic field B orthogonal to the
direction of the electric field. Ions would acquire a rotational motion whose frequency is
the cyclotron frequency:

v = Q/(2%) = 1/(27)(q/m)B (10)

Let us recall that ions are not independent particles moving in an environment at
temperature T, but are the members of a coherent system that governs the behaviour of
the components in a non thermal, i.e. electromagnetic, way. This fact makes possible to
the ions to have a very short orbital radius under a quite weak magnetic field. On the CD
surface the circular ion velocity v, is therefore:

V():QRCD (1 1)

where Ry is the radius of CD.
Let us now analyze the action of a weak alternating magnetic field

B, B.cos(wt) (12)

— over-imposed on the above static field - on the GLU ions following the dynamics
sketched in‘.

On the CD surfaces, where electric and friction forces are absent, the equation of
motion of the ions acted upon by the Zhadin combination of magnetic fields directed
along the z axis is:

dv/dt = Q(1+ecoswt)v x z/z (13)
where x denotes the vector product and

e=B./B (14)
which gives the solutions

V.()=Ya(V(H)Eiv,(t)= voZ,J(eQ/m)cos[(Q-nw)t+d] (15)

where n ranges between -0 and +oo, Jn denotes the n® Bessel function and ¢ is a

phase.
We recall that B,. is extremely weak which means that J; only contributes to the r.h.s.

of equation (15). Therefore we get
v.(t)=Yav,(eQ/w)cos[ (R-Q)t+¢ ] (16)

since J,(z)=z/2 in the limit z—0.

Equation (16) shows clearly that a translational velocity v, develops when the reso-
nance condition

Q=0 (17)
occurs.
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We have the two components of v,:
vax=Y2(q/m)Re B..cos(d) Vay= - Y2(q/m)R.q B,.sin(¢) (18)

The appearance of a translational velocity is possible only when the sum in eq. (15)
shrinks to one single term, whose time dependence can be dropped through a resonance
condition. This means that such possibility exists only for very small values of B,. and
is lost when the contribution of other terms cannot be neglected. The phenomenon exists
only within a window of small values of B,., in agreement with the experiments. The
translational velocity induced by the application of a weak field B,. extracts ions from
the cyclotron orbits on the CD surfaces, sending them in the non coherent fraction of
water where electric and friction forces are felt. This emptying of the orbits occurs
during one period of revolution of the orbiting ions T=1/v.

The extraction of ions from the cyclotron orbits restores the number of the carriers of
the current up to the original value, nullifying the effect of the supposed “passivation” of
the electrodes reported in Comisso et al.*. Since, as discussed above, this phenomenon
occurs only in the interfacial water close to the electrode the discharge of the extracted
ions is almost instantaneous accounting for the narrow width of the current peak. The
refilling of the cyclotron orbits on the surfaces of CDs demands time and this fact explains
why the appearance of new peaks cannot occur soon, after the detection of one of them.

The extraction of the ions from the cyclotron orbits induces, because of the conser-
vation of angular momentum, the onset of a rotational motion within the ensemble of
almost free electrons within the CD, namely a vortex of electrons with an associated
magnetic dipole moment. The appearance of this vortex induces a change of the
magnetic field B,... trapped in the volume of permanently coherent water, i.e. EZ water.
Calling t=0 the time of application of B,. we get :

Bwaler(t):B I+B2®(t) ( 1 9)
where O(t) is the step-function

0 when t<0
o(t) ={ (20)
1 when t>0
whose time derivative is just the Dirac peak function d(t).
According to the Maxwell equation

rot (E) = - OB/ot 1)

a pulsed electric field should appear when a sudden change of the internal magnetic
field of the solution occurs. It is just this field that helps us to push ions far from the
cyclotron orbits on the surfaces of the CDs. It is also this field that produces the pulsed
current in the induction coils detected in the experiment of Giuliani, et al.*. This exper-
iment therefore corroborates the theoretical scheme presented here.
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Conclusions

The Zhadin effect reveals a non thermal dynamics going on in dilute aqueous solu-
tions of amino acids. Living organisms are more complex systems but include basically
the same ingredients. The presence of an electromagnetic governance of the phenomena
occurring there cannot be excluded any longer, so that we cannot deny the existence of
non thermal effects produced by externally applied fields when they match suitable
frequency requirements.

In the band of extremely low frequencies evidence for the existence of such non
thermal effects has been reported in many cases. In particular the application of the
combination of DC-AC magnetic fields early suggested by Liboff and Zhadin has been
observed to be present in aqueous solutions, also without sunk electrodes — as observed
by Giuliani, Zhadin and co-workers — and to be able to stimulate human cell maturation
and stem cell differentiation*~>.
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Water structures and effects of electric and magnetic
fields

Seyitriza Tigrek, Frank Barnes
University of Colorado at Boulder, Colorado, USA

Abstract

This chapter reviews the characteristics of water that lead to many of its prop-
erties in electric and magnetic fields. This includes some of the structures that
water molecules can form, the dielectric constant and conductivity as a function
of frequency, the mobility, the magnetic susceptibility and a few of structures
that form water complexes around ions that lead to their electrical characteris-
tics. It also briefly reviews some of the effects of water on proteins.

Key words: water, electric and magnetic fields, ions, hydrogen, oxygen, proteins

Introduction

Although water has been studied for a very long time, it is still not completely under-
stood. Reviewing some of the unique characteristics of water and its structure in the
presence of ions is a starting point for understanding how bound water molecules mod-
ify the behavior of ions and other biological molecules. The unique behavior of water is
largely due to dynamic hydrogen bonded networks that exist when water is in liquid
form. Hydrogen bonds form a random and percolated network. Many experiments and
simulations have been carried out which give detailed information about these structures
and there are a significant number of books and reviews of many of the unique proper-
ties of water"? and many others.

In this chapter, the structure of water will be reviewed with emphasis on the effects
of the water structures on electrical and magnetic properties, including water’s interac-
tion with its environment of ions and molecules as a function of temperature. Our expo-
sures to electric and magnetic fields, EM, in everyday life are increasing, especially as a
result of increased cell phone usage. Many people are concerned about the possibility
that the radiation from mobile phones can cause adverse health effects’. Additionally,
important therapeutic applications of electric fields to bone repair and wound healing are
beginning to be studied. Since our body contains very large amounts of water, it is
expected that EM interaction with water will be at least part of the process leading to
biological effects.

Address: Frank Barnes, Electrical Computer and Energy Engineering Department, University of Colorado
at Boulder, Boulder Colorado, 80309 USA - e-mail: Frank.Barnes@colorado.edu
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An objective of this chapter will be to bring together some of the material on the
structure of water and its interactions with molecules and ions in the presence of electric
and magnetic fields so as to provide a basis for extending our understanding of the
effects of externally applied fields to biological systems. In particular, we hope to pro-
vide some background on how the characteristics of water affect its dielectric constant
and the conductivity of ions in solutions.

Background

The details of the mechanism by which weak electric and magnetic fields can affect
biological systems are not yet completely understood. Some of the most obvious mecha-
nisms by which these fields interact with biological systems have been reviewed in the
references*. The effects of electric fields include the generation of ion currents, rotation-
al torques on electric dipoles, shifts in energy levels (Stark Effect), and transitions
between energy levels and induced voltages across membranes. DC magnetic fields can
apply torques to magnetic dipoles, and shift energy levels (Zeeman Effect). Time varying
magnetic fields can induce electric fields and cause transitions between energy levels.
Experimental results from weak fields showing changes in biological system have lead to
a variety of theories including the cyclotron resonance and ion paramagnetic resonances’.
Additional work has been done on the theory that uses quantum electrodynamics predict
relatively large stable coherent domains that may have long life times®. A discussion of
this approach will be covered in other parts of this publication. The narrow frequency and
amplitude ranges over which some of these experiments work has lead us to look for
mechanisms that can isolate the ion responses from its surroundings and the thermal bath.
These theories have had mixed success in the prediction of the effects of weak magnetic
fields on biological systems and acceptance by the scientific community at large. There
is often a lack of data that connects the mechanism by which these fields cause changes
in ion responses to the experimental observations in biological systems.

The experiments by Zhadin showing a spike in the current flowing between two elec-
trodes in simple solutions of amino acids in water at a specific frequency of the applied
electric field and values of the applied DC magnetic field avoid many of the complexi-
ties associated with the application of these fields to biological systems. These results
have been particularly puzzling”® and the results have been reproduced by N. Comisso
and Giuliani and their colleagues” °. These experiments and the other results showing
sharp resonances at low frequencies that are functions of the magnetic field have encour-
aged us to look for ways in which ions could be isolated from the surrounding thermal
bath and to hypothesize that bound water might form structures around ions that could
isolate them from the liquid water around them. As a starting point for examining this
possibility, we have written this review of water structures that we hope will be of inter-
est to others who are interested in understanding the effects of weak electric and mag-
netic fields on biological systems.

A Review of Some Basic Molecular Physics

Molecules are arrays of atomic nuclei with well defined distances and positions
between them that confine electrons to regions of space known as orbitals. An atomic
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orbital may be occupied by two electrons and confined to encircle one nucleus.
Molecular orbitals may be confined to one nucleus or confined to a path encircling more
than one nucleus. Those electrons encircling more than one nucleus in a molecule define
the chemical reactivity of a molecule and can be in three positions: core electrons, 7
electrons, and o electrons'" ',

Core electrons are immediately adjacent to a nucleus and provide the greatest electron
density. They are chemically inert. Valance electrons are the outermost electrons sur-
rounding each atom. They form the basis of the chemistry of a molecule, its bonds and
reactivity. Valance electrons according to Lewis structure can be bonding electrons or
lone pairs of electrons, which also assign formal charge to atoms. Bonding molecular
orbitals are made of overlapping two or more atomic orbitals and can be distinguished
as 7 or o orbitals depending on the nature of the bonds'" .

The s orbitals have energy levels with angular moment values of / = 0. The atomic p
orbitals have angular moment with a quantum number / = 1 and form 5t molecular orbitals
with linear combinations. The p orbitals for two adjacent atoms have paths only above
and below the line centers connecting the atoms, and this prevents rotation about the axis
and makes them rigid. A m orbital can be bonding, nonbonding, or anti-bonding depend-
ing on it is energy level being less than, equal to, or greater than the energy level of an
isolated p orbital. Hybrids of an s atomic orbital and a p atomic orbital overlap to form a
o bond; they are stronger covalent bonds than ; bonds. o bonds form the molecular skele-
ton of a molecule defining the structure, with particular bond angles. When an atom con-
tributes a p orbital to a 7 system it will be hybridized. [p, sp sp?, sp*], and the bonds will
be planar and radiate in three directions from the atom at approximately 120° angles.
When not contributed to by a p orbital, the bonds will be hybridized [sp?, sp’, sp’, sp’]. G
structure bonds will radiate in four directions tetrahedrally, at angles of approximately
109.5°. The approximate characteristics of these bonds can be calculated by building up
from solutions of Schrodinger equation for dipole molecules using Walsh diagrams'" .

The Water Molecule

A representation of a single water molecule is shown in fig. 1 with two hydrogen
atoms covalently bonded to an oxygen atom. For an isolated molecule in a vacuum, the
hydrogen protons are bonded at an angle of 104.5° and the hydrogen oxygen bond length
is 0.096 nm. The distance between the two hydrogen atoms, the intramolecular proton
separation, is 0.152 nm. These distances depend on the method of measurement®.

The orbitals for the covalent hydrogen oxygen bonds are described as hybridized sp?
orbitals and the two additional electron pairs are in O orbits. The four substituents are
oriented tetrahedrally around the oxygen''.

The ground state of oxygen atom configuration is described as having electrons in 1s
2s 2p states. Electrons fill the orbits from lower to upper. An oxygen atom has 8 elec-
trons. It starts with the 1s state which is filled by two electrons. Similarly the 2s state is
filled. The 2p state has three axes, therefore, after electrons are equally distributed to
three axes it will fill the second space. Since the total number of electrons is 8, this is the
final configuration. This atomic basis leads to a bond angle of 90° between the O-H
bonds (fig. 2a). The possibility of hybridizing the orbitals that would lead to a better
bond can be considered as an alternative description. If tetrahedral hybrid orbitals are
formed, the bond system can be represented as in fig. 2b. This would promote a pair of
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104.45°

O

Fig. 1. Representation of a single water molecule

(a)

Fig. 2. Two descriptions of bonding in H,O. The observed angle between the two O—H bonds is 105°
(a) H,O based on s, p,, p, and p, orbitals oxygen (b) H,O based on sp® hybrid orbitals of oxygen'

electrons from low-lying 2s orbits to the higher energy sp® hybrid orbitals. Since exper-
iments find the bond angle in water is 105°, it is suggested that some intermediate
description will be preferable'.

Since oxygen has higher electro negativity than hydrogen, water is a polar molecule.
The oxygen has a slight negative charge while the hydrogen has a slight positive charge,
giving the molecule a strong effective dipole moment. The interactions between the dif-
ferent dipoles of each molecule cause a net attractive force that is associated with water’s
high surface tension.

Water structures

Water structures can vary from a single molecule to clusters of hundreds of molecules
bonded together (fig. 3). The simplest structures, after single molecules, are water
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Fig. 3. An expanded icosahedral water cluster consisting of 280 water molecules with a central dodeca-
hedron (left) and the same structure collapsed into a puckered central dodecahedron (right)'® '

dimers. Fig. 4a shows the equilibrium structure of the water dimer"”. The O-O distance
is 0.2952 nm and hydrogen bond strength (dissociation energy) of (H,O), is 3.09
Kcal/mol which corresponds to the zero-point corrected binding energy of 4.85
Kcal/mol (0.0485 eV)'®".

In this structure one hydrogen atom lies between the two oxygen atoms; this hydro-
gen is covalently bonded to one oxygen and is referred to as the proton donor. The other

©w=573

(a) The water dimer

6=123

(c) The water tetramer (a) The water hexamer

Fig. 4. Some of the many water molecule clusters®
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oxygen is covalently bonded to two hydrogen atoms and is referred to a proton accep-
tor. The O-O distance is 0.298 nm. In this structure one of the four hydrogen lies on the
lines of center between the two oxygen atoms as a proton donor which is covalently
bonded to one of them. The proton acceptor oxygen atom is connected to two others
covalently. The plane of two hydrogen atoms and the proton acceptor oxygen is 60° from
the line of centers of two oxygen atoms. This means that two hydrogen atoms, a shared
hydrogen and long pair of electrons are tetrahedrally arrayed in the dimer. The interac-
tion between the hydrogen-oxygen o bond on the donor molecule of water and the o lone
pair of electrons on the acceptor is an example of a hydrogen bond''. The ability of water
to act as both a proton donor and acceptor and the hydrogen bonds lead to its ability to
form many complex structures.

The water trimer is a more rigid structure than the dimer bound by three H-bonds (fig.
4b). In the H-bonding structure of water tetramer each monomer acts as a single donor
and acceptor and has one free and one bound H.

Studies suggest that the water trimer, tetramer, and pentamer structures have cyclic
minimum energy formations. Larger water clusters have three dimensional geometries.
There are many hexamer structures, the first five of which are indicated in fig. 5 with the
results of the calculations using energy minimizations'®. Some of the dominant structures
in room-temperature liquid water are trimer, tetramer, pentamer, and hexamer. Narten et
al. reported O-O bond distance of liquid water at 298 K for the cage hexamer as 0.285
nm, which was also confirmed by the calculations of Liu e al. O-O bond distance is
0.276 nm for the cyclic isomer of the hexamer'*?.

The cage hexamer, which has the most stable form of (H,O), contains eight hydrogen
bonds holding it together (fig. 5)'*2'. Furthermore, four cage structures may be linked by
successive flips of two free hydrogen atoms. The cage form and intermolecular zero-
point energies of the hydrogen bonds are the cause of minimum-energy structure of
water hexamer.

Liquid water retains much of the tetrahedral diamond lattice structure of ice, where
the oxygen atoms are held together by hydrogen bonds to each of their four nearest
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Fig. 5. Theoretical predictions of the stabilities of the five lowest-energy water hexamer structures.
Values of De (lower line — lowest equilibrium dissociation energy) and Do (upper line — quantum vibra-
tional zero-point energy) are shown. The zero-point energy is equal to Do-De'®
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neighbors. These structures are constantly breaking and reforming. The flexibility of the
liquid water structure as compared to ice results from the increased liberation (from hin-
dered rotation) of the rigid H,O molecules within the lattice long enough to allow them
to reform in different orientations while essentially maintaining an H bonded structure.
The rotation is with respect to neighboring H,O molecules. Orientation correlations are
strong over short distances but decrease rapidly with distance. These rotations behave
more like vibrational modes and do not show up in broadening other vibrational modes
as they do in water vapor®. The high heat capacity of water indicates that a large fraction
of the water molecules are held in these structures near 0°C and that this fraction decreas-
es as the temperature increases. Molecules in water near the melting point have around
10" or 10" movements per second which can be reorientational or translational. The
speed of these movements decreases to 10° or 10° per second near 0°C in ice. Raising the
water temperature increases this collision rate and at the macro level it results in decreas-
ing viscosity, decreasing relaxation times, and greater rate of self-diffusion.

Hydrogen bonds between molecules in both ice and water cause the abnormal high
mobility of H" and OH- and also the very large diclectric constant. The details of this
motion are not well agreed upon in the literature; however, it appears that protons can
move through water structures both by tunneling through relatively low potential bar-
riers and with energy assisted movement through an excited state. These protons can
move from one water molecule to the next in about 10"?seconds. Additional OH- and
H* ions can diffuse through the liquid with a cloud of bound water molecules with
mobility similar to that expected for other ions. One of the protons of an H;O" ion can
jump along a hydrogen bond to combine with the adjacent water molecule, or one pro-
ton of water molecule can jump along a hydrogen bond to combine with the OH-.This
leads to the motion of electric charge and current flow in the presence of a field®. In
liquid water, hydrogen bonds are constantly forming and breaking so that the average
path lengths of the structures are shorter than in ice and the number of single mole-
cules increases as the temperature increases. This makes the mobility of H"smaller in
liquid water than in ice. The rapid proton transfer that is possible in hydrated complex
is limited by the rate of formation and breaking of hydrogen bonds*#. Another way
of thinking about this process leads to a continuum model where the water network is
distorted™.

Water and Ions

Many of the effects of electric fields on biological systems are the result of the trans-
port of ions from one location to another. These ions are often created as result the dis-
sociation of an acid or a base. An acid is defined as a proton donor or alternatively as an
electron acceptor so that

HA > H + A

Where A is an atom such as Fluorine. A base is a proton acceptor so that

B+H — BH'

Where B is a molecule such as NH,;. The water molecule is unusual in that it is
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amphoteric: it can be both an acid and a base. In the case of water there is an acid base
equilibrium such that

H2O(aciay + HoOfpase) < H3O" + OH

At room temperature the equilibrium constant is such that the ion concentrations are
about 107mol L. Roughly two out of every 10° water molecules at 25°C are ionized. This
results in proton jumps between molecules and a mean lifetime of a protonated water mol-
ecule of ~10"? s and a mean interval between successive associations of ~5x10*s'.

Hydrogen bonds are non-covalent forces that arise between an acid and a base and
may be an intermediary in acid base reactions. Hydrogen bonds provide no net free ener-
gy in protein folding but are responsible for aligning atoms and holding them at precise
distances and constrain the angle between them. Of particular interest to us are hydro-
gen bonds to atoms like oxygen, nitrogen, carbon, and sulfur. These bonds are formed
when the potential energy wells for a proton in a donor atom overlaps that of an accep-
tor atom so that the barrier between them is low enough to allow the transfer of protons.
The forces of attraction are largely electrostatic in nature and vary with distance as the
interaction between dipoles is shielded by the dielectric constant of the medium'.
Typical bond strengths are in the range of 10 to 40 KJ/mole or 0.10 to 0.40 eV, and this
is approximately 4 to 15 times kT at 37.5°C where k is Boltzmann’s constant.

Tons in water are not just simple charged particles as one would expect to observe in
a vacuum, as the charges attract molecules of water that may be bound to them in a vari-
ety of configurations and with bonds of varying strength. Burnham et al., explored equi-
librium properties of the ion-clusters H'(H,O).0, Na'(H,0),00, Na'(H,O),, and CI-(H,0),,
in the temperature region 100-450 K. It was found that sodium and chloride ions largely
reside on the surface of water clusters below the melting temperature. At the same time
the solvated proton resides on or near the surface in both liquid and solid states®.

The global minimum for the Na"(H,O),, structure is seen in fig. 6. Hartke et al.*
searched for global minima of Na"(H,O), in the range of n=4-20. Up to n=17 global min-
ima were found to have sodium cation near the center. For n greater than n=18 the Na*
moved to an off-center site with respect to the water cluster and is located in the salva-
tion shell. Up to n=25 Na" continue to be off-center.

Burnham et al. presents the temperature-dependent radial distributions for Na“(H,O),,
where the Na' cation remains off-center up to 250 K. After that, the cluster melts and the

(a) (b) (©

Fig. 6. Structures for the putative global minimum: (a) Na‘'(H,O)s, (b) CI"(H,0),;, and (¢) Na'(H,O0)*

32



S. Tigrek, F. Barnes: Water structures and effects of electric and magnetic fields

©

N

(@ (b)

Fig. 7. Water molecules next to a nonpolar solute'®

Na* distribution spreads around the center (fig. 6a)*. The global minimum for
CI'(H,O),; is shown in fig. 6b. In this structure, the chloride ion at low temperatures
adopts one of the surface lattice sites. By passing the melting point it is solvated into the
interior of the cluster. Fig. 6¢c shows Na“(H,O), cluster. It is reported that in low ener-
gy structures Na' cation adapts near surface site on roughly spherical water cluster below
250 K. Burnham studies also concluded that Na‘, CI", H" ions were generally excluded
from the cluster interior at below the water-cluster freezing temperature and tend to
reside within a few monolayers of the surface. However, above the melting point sodi-
um and chloride are excluded from the surface of the cluster in the liquid region.
Carignano et al., investigated the effect of the ionic polarizability on the solvation of
positive and negative ions in water, and he concludes that increases of the polarizability
lead to a larger electrical field at the ion. This occurs through shrinking of the solvation
shell around the ion and the asymmetric location of the ion in the cage. Positive ions
have smaller polarizabilities than negative ions. However, for a given polarizability, the
electrical field at an ion and probability of asymmetric location is larger for cations than
for anions”. Recent results using both ultra short laser pulses, (5x10" s) and calculations
are giving insight into the motion of the water molecules around ions*~.

Another interesting characteristic of water is its configuration in the hydration shell
of nonpolar solutes and nonpolar side groups attached to biopolymers. Placing a solute
molecule in liquid water causes rearrangement of random H-bond network. Water
strengthens its network around the nonpolar solute while giving space for it. This can be
done by placing its tetrahedral bonding directions in a straddling mode as shown in fig.
7a. The water molecule is tangential to the surface of the space with three tetrahedral
directions. Maximum number of H-bonds is preserved this way (fig. 7b)".

Electrical Mobility and Conductivity

Electrical conductivity in electrolyte solutions depends on the natures of the dissolved
substance and the solvent, the concentration, temperature, pressure, viscosity, and
dielectric constant of the solvent’!. The electrical characteristics of a solution can be
described by either a complex dielectric constant or a complex conductivity depending
on the application. If we apply an electric field to a solution containing ions at low fre-
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quencies to first order the real part of the current density, .J, for a given molecule or ion
is given by

where N, is the ion concentration, and u is the mobility in seconds per kilogram, F is
the force in newtons*. It is usual to think of the current density in terms of the conduc-
tivity, o=»q; Niw and N; is the concentration of each ion, W, is the mobility. However, in
highly inhomogeneous biological materials the gradients of the electric field may be
large and the force on a charged particle or molecule may have two components so that

F =qE +(peV E) 2
where is P the sum of the permanent and induced dipole moments.

The drift portion of the ion currents takes the form

j=£qiNipiE+ZNipiEO€’E 3
and P is the dipole moment. See Table 1 for some typical values of mobility.

The forces applied by an electric field superimpose a drift velocity on top of the much
larger random thermal velocity in opposite directions for positively and negatively
charged particles. These forces can lead to a redistribution of ions or molecules as a
result of the differential mobilities and to an increase in the concentration of ions at inter-
faces. The average drift velocity for a charged particle is given by

V= E 4

The separation of molecules as a result of the different velocities in a DC electric field
is known as electrophoresis and is frequently used to identify large molecules or charged
colloidal particles. The separation of particles in an AC field gradient is known as dielec-
trophoresis®.

Table 1 - lonic mobilities in water' (at 298 K, u/10* m* s'V)

Cations Anions

Ag' 6.42 Br 8.09
Ca* 6.17 CHCO; 4.24
Cu2* 5.56 Clr 791
H* 36.23 CO3 7.46
K 7.62 F 5.70
Li’ 4.01 [Fe(CN)4J* 10.5
Na* 5.19 [Fe(CN)]* 11.4
NH; 7.63 I 7.96
[N(CH,), ]+ 4.65 NO; 7.40
Rb* 7.92 OH 20.64
Zn* 547 SO3 8.29
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For a spherical particle in a homogeneous insulating fluid the mobility w is given by

o
' 6xna

provided that the particle is significantly larger than the background particles of the
fluid where 7 is the viscosity of the fluid and a is the radius of the particle. Bound water
molecule change the effective radius of the particle and then partially shield its charge
as has been shown in the previous section. Additionally, small counter-ions may flow in
the direction opposite to the particle motion, exerting a viscous drag. The theory for
motion of a rigid sphere through a conducting liquid is complicated if all these effects
are taken into account. Furthermore, the size and shape of the bound water molecules
around the molecule may fluctuate in time. Often some of the parameters, including the
charge on the sphere, are not measurable. However, a relatively simple approximate
expression for the electrophoretic mobility is often used

£
Wi =—— <
4rn

where g and 1 are the dielectric permittivity and the viscosity of the fluid in Kg/m-
sec and C is the electrical potential drop from the particle surface across the bound fluid,
to the interface where the liquid begins to flow under the shear stress. Stated another way
the “zeta potential,” C, is the potential at the surface boundary between the stationary
fluid and the liquid that is moving with the particle. It is to be noted that T is less than
the total potential y' across the charge double layer surrounding the charged particle.
The water molecules bound to the ions increase the effective diameter and reduce the
effective charge. This, in turn, makes the mobility less than that which might be expect-
ed at first from the atomic size and Stokes’ Law.

Pure water is a good insulator, however it is almost impossible to have water without
ions of other materials. Solutes dissolve in water and separate into ions that conduct elec-
tricity. Table salt (NaCl) is a very good example. The theoretical maximum electrical
resistivity for water is approximately 182 k- m*m (or 18.2 MQ- cm?*cm) at 25°C,
which agrees with the experimental results. One limit of the resistivity is the self-ion-
ization of H,O into the hydronium cation H;O" and the hydroxide anion OH-. Electrical
conductivity of pure water is approximately 0.055 pS/cm at 25°C but will increase sig-
nificantly with small amounts of ionic material such as hydrogen chloride. Solutions that
contain ions conduct an electric current and are called electrolyte solutions. Some good
electrical conductors are acids, bases, and salts. Under an applied potential gradient,
movement of ions towards the anode and cathode will be slow compared to the thermal
velocity as is given in Equation 4 above. The limiting conductivity of some solutions is
given in Table 2.

The conductivity of biological fluids such as blood which contains cells is in the
vicinity of o = 0.6 Sm, while for physiological saline it is approximately 1.4 Sm™.
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Table 2 - Limiting ionic conductivities in water at 298 K, /(S cm? mol') where A is molar conductivity'

Cations Anions

Ba* 127.2 Br 78.1
Ca* 119.0 CH,CO; 40.9
Cs* 77.2 Clr 76.35
Cu* 107.2 ClO; 67.3
H* 349.6 COt 138.6
K 73.50 (CO2)5 148.2
Lit 38.7 F- 55.4
Mg2* 106.0 [Fe(CN)4J? 302.7
Na+ 50.10 [Fe(CN)]* 442.0
[N(Csz)a]‘ 32.6 I 76.8
[N(CH,).]" 449 NO; 71.46
NH; 73.5 OH- 199.1
Rb* 77.8 SO%F 160.0
Sr* 118.9

Zn* 105.6

Data: KL, RS

The permittivity of pure water

The permittivity or dielectric constant of a given material can be approached in two
ways. First, it can be thought of as the relation between the electric field E and the dis-
placement D of electric charge or the electrical polarization in a material so that

D=¢E +P'
=g ¢&E
where ¢, is the dielectric constant of free space and P is the dipole moment per unit

volume and
¢ is the relative dielectric constant. The P' for small fields can also be expressed as

I—J)r =N i(ltg
where a, is the total dipole moment of the particle.

For materials with loss, the relative dielectric constant is complex and is given by

o) =¢(w)+ie" ()
=&'+jo/we,

¢” is the measurement of the amplitude and the time dependent fluctuations of total
dipole moment coming from individual permanent molecular dipoles and molecular
polarizabilities. The real part of the static permittivity &” is related to the stored energy
within the medium, and &” is connected to the dissipation of electromagnetic energy®, ®
is the angular frequency.
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It is to be noted that the same experimental data can be described by a complex con-
ductivity

o=oc'tcg"

Water is considered to be pure degassed water with a conductivity of less than 10
S/m at atmospheric pressure*. Fig. 8 shows temperature variation of ¢” and ¢” for five
fixed frequencies in the microwave range. Fig. 9 shows ¢” and €” variation for frequen-
cies from static to far infrared.

There is a large number of theories that have been used to explain the measure values
of ¢ and the extent to which the various water structures are required to explain them.
These include breaking of the bonds and changing the angles between the hydrogen and
oxygen atoms. One way of thinking about the dielectric constant is to think of it as the
fraction of the electric field that is shorted out by the movement of charged particles that
are limited in the extent of their motion. In the case of the water structures described ear-
lier, the dielectric constant can be thought of as resulting from the movement of hydro-
gen ions from one end to the other or the induction of a dipole moment across the struc-
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Fig. 8. Experimental data for water : ¢” ¢” as a function of temperature at five frequencies™
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Fig. 9. Experimental data for water: Water permitivity at 25°C, frequency from static to the far infrared*
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ture. This structure with an induced dipole moment may also rotate to align along the
field. The average size of these structures can be expected to decrease as the tempera-
ture increases as the thermal energy available to break hydrogen bonds increases. The
fraction of the dielectric constant contributed by the ability of these structures to short
out the electric field would be expected to decrease as the temperature increases. The dif-
ferent sized structures can be expected to have different time constants for both the
motion of the hydrogen ions and the rotation of the structure. The relative dielectric con-
stant for water clusters for sizes ranging from 2 to 20 have been calculated by a variety
of methods. The low frequency values for g, fluctuate from &= 83 to 83.8 at 298 K as
the size of the clusters change* and approach the bulk value of 82.95 as the cluster size
gets larger than 12.

The measured dielectric data can be fitted to a Cole—Cole model

=% , O

i 1+(joy™™ | jog 7

where &, and ¢, are the limit of the permittivity at low and high frequencies, 7 is the
relaxation time, O, is the ionic conductivity, &, is the permittivity of free space, and o is
a distribution parameter. For o; =0, and for a single relaxation time process o = 0 this
becomes the well-known Debye equation®. The values of these parameters vary a little
with different authors and which of the constants they adjust to best fit their data. At low
frequencies the static value of the dielectric constant as function of temperature can be
approximately described by a single relaxation time T = 8ps and 18KJ/mol at 25°C and
the Debye theory' gives T = 4ma*n/kT. They assume a spherical cluster with single
hydrogen bond strength.

Additional information can be gained from the infrared measurements that are char-
acteristic of the excitation of various molecular bonds, and these measurements give
more information on the effects of various water structures on its electrical properties.
Fig. 10 shows permittivity as a function of frequency and temperature. Measurement in
the far infrared in the range from 1 GHz to 7 THz show dielectric and absorption char-
acteristics LILIII, that correspond to relaxation times at a temperature of 25°C of 8.31,
1.0 and 0.10 ps. and a fourth resonant process centered at 5.25 x 10° GHz (175 cm™) (fig.
10a)”. The first relaxation process, I, is assumed to correspond to be either a cooperative
process or the making and breaking of hydrogen bonds with an activation energy of 4
Kcal/mol in the range from 1 to 20°C and 2.9 Kcal/mol in the range of 42 to 94°C. As
the relaxation time is comparatively slow, a better explanation of this relaxation may be
the transfer of the activation of one molecule in a tetrahedral structure to the other. This
process is described by the Debye equation because the activation has the same barrier
for each of the four sites.

The second process, 11, follows Davidson-Cole distribution and is interpreted as aris-
ing from the rotation of single water molecules that are not hydrogen-bonded at a given
instant of time. It corresponds to about 3.6% of the orientation polarization and is
assumed to involve only about 3% of the volume. The center frequency for this process
is at 159.2 GHz. The third process, 111, is assumed to be associated with the vibrational
relaxation of the hydrogen bonds. The relaxation time is 100 fs and the corresponding
frequency is about 59 cm™ (1.77 x 10° GHz). This process may be associated with the
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Fig. 10. (a) The spectra of water at 25°C. (b) The spectra of water at 25°C, See following text for expla-
nation of I, II, IILIV*

intermolecular energy transfer or the energy dissipation through the interaction between
the O-H stretch modes. Another possibility may arise partly from the weak 60 cm™ (1.8
x 10° GHz) band due the hydrogen bond bending and/or from a weak 30 cm™ (9 x 10?
GHz) band as reported in the literature.

The fourth process, IV, is centered at 5.24 x 10° GHz, and arises from the translational
modes originating from the stretching of the hydrogen bonds. It involves fluctuations
both in the dipole moment and the polarizability as the band is seen in the Raman spec-
tra, too. The lowest frequency process is pure Debye and interpreted as arising from the
activation of the water molecule, from one of the four sites surrounding a central mole-
cule, to a neighboring unoccupied site”’.

The absorption coefficient and € increase with temperature up to about 50°C, and the
correlation coefficient decreases with temperature. Above 50°C and a frequency of
100 cm™ (3 x 10° GHz) the absorption levels off. This is consistent with breaking of O-
H bonds and the freeing of more water molecules to rotate with the applied field*.

Permittivity of Sodium Chloride Solutions:

Biological systems have high water content containing ions. Peyman suggests that at
frequencies above 100 MHz, the interaction of microwaves with biological tissues is
dependent on the aquaeous and ionic content. He has investigated the complex permit-
tivity of salt solution®. The dialectric relaxation of behavior of electrolyte solutions is a
key parameter in determining the solvent dynamics. It also has an effect on charge trans-
port, chemical spectation, and other thermodynamic properties of solutions. Peyman pre-
sented the changes in static permittivity (fig. 11) and ionic conductivity (fig. 12) as a
function of concentrations ¢ (mol/L) for different NaCl solutions.
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Fig. 11. Static permittivity as a function of concentrations ¢ (mol/L) for different NaCl solutions at 20°C*
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Fig. 12. Tonic conductivity (o)), as a function of concentrations ¢ (mol/L) for different NaCl solutions at
20°C*

For dielectric measurements of NaCl, Peyman fitted the data to Cole-Cole model (Eq.
7) for higher concentrations (¢ > 0.5 mol/L) and suggested that Debye model would be
a better model for lower concentrations. For oo = 0 Cole-Cole model becomes Debye
model for a process with a single relaxation time. Available dielectric data for aquacous
solutions are limited and not always reliable. This is due to technical difficulties associ-
ated with the measurement of the complex permittivity spectrum of solutions*.

For many processes in pure water the relaxation time of interest is the constant char-
acterizing the formation of “mobile water”. This is the time that a water molecule goes
through from the ground state to the active state, which is determined by water’s aver-
age number of hydrogen bonds. In the case of an aquaeous solution, this time is affect-
ed by the entry in the salvation shell of the cation and of the anion (fig. 13)*.

The residence time of water in the first salvation shell of CI” is around 4 ps and is
longer for Na® ¥, It can be assumed that orientation of water around the anion is dom-
inated by HO'H-CI” hydrogen bonds. Therefore, even if the hydrogen bond of the water
molecule is broken, the bond between salvation shell and water still affect the dielectric
properties.
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On the other hand, in the first salvation of Na® water molecules are radially oriented
with less angular distribution. If the bond between the bulk and first salvation shell of
Na" is broken, net moments will cancel. Figs. 13 and 14 present ionic salvation and sol-
vent dynamics. Heinzinger work simulations illuminated some of the properties of
aquaeous solutions. He collected the data of angular distributions of water molecules
around ions.
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Fig. 13. Dialectric dispersion, €'(v), and loss spectrum, £"(v), of NaCl solutions in water at 5°C: spectrum
1, pure water; spectrum 2, ¢=0.400 mol dm?; spectrum 3, ¢c=0.990 mol dm?; spectrum 4, c=4.643 mol
dm*. Experimental spectra 1-3 (symbols) are fitted to a single Cole-Cole equation (lines); spectrum 4 is
fitted to a superposition of two Debye processes™
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Fig. 14. Experimental dielectric dispersion, €'(v), and loss data, £"(v), of a 4.643 mol dm* NaCl solution
in water at 5°C (symbols) and the spectrum predicted by the three-state model for t(c) (solid line). Also
indicated are the predicted loss contributions of the free water (t(0)) and of the water surrounding the
cations (t.) and the anions (t.). The broken line represents the Cole-Cole fit to &(v)*
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Water and Proteins

Water performs important functions in determining the shape and function of proteins.
Water is attracted to hydrophobic amino acids, and repelled by hydrophilic amino acids.
The regions in water that are affected hydrophobic force can form stable water structures
that exclude solutes and micro spheres out to distances of several hundred microns®. In
proteins the hydrophilic regions repel water and the protein folds so as to exclude water
from these regions. Water is also hydrogen bonded to other regions and forms a diffuse
shell around the protein that increases its size and decreases its mobility in way that is
similar to that previously described for simple ions. Water may also be folded into the
interior of a protein so that it is not in contact with the bulk water in which is dissolved.
Some of this enclosed water is bound to fixed positions in the protein structure and some
appears to be free to tumble. The bound water is important in determining the shape of
the proteins and therefore their biological function. Additionally, the bound water H
bonds may be dynamically connected to each other forming water structures that connect
water molecules that are bonded to specific sites on the protein. The dynamic nature of
the water structures provides flexibility to the proteins. Water is also important in cat-
alyzing the chemical reactions with oxygen that provide the energy for living systems®*'.

The dielectric properties of amino acids and proteins are hard to measure in a dilute
solution of water with its high dielectric constant. As a result, the measurements are tab-
ulated decrements of d¢' and Ae" where the decrements are defined by cd =€, - €' and ¢
is the concentration and &,is the static dielectric constant. Similarly, the absorption incre-
ment is given by cAe" =¢" — ey — ¢} — € where ey and €}, are the contributions from the
bulk water and the protein relaxations and €’ is the contribution from the ionic conduc-
tivity. A table of some of these values for amino acids is given by Grant'.

00 01 1 10 100 1000 10000
Frequency (MHz) —

Fig. 15. Dielectric dispersion curve of an aqueous solution of hemoglobin. The curve shows three sepa-
rate dispersion regions. fi,: relaxation frequency of protein molecule. fry: relaxation frequency of water
molecule. A : dielectric increment. The relaxation time, T =(2 7 times the relaxation frequency)™.

- - -, B-dispersion extrapolated to high frequencies, -.-.- y- dispersion extrapolated to low frequencies'
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The B relaxations associated with rotation of the molecules are typically in the low
megahertz region. The J relaxations are associated with motion of the bound water mol-
ecules and vy relaxations are associated with the free water. It is to be noted that the rapid
exchange of water molecules at the surface of the amino acids and proteins allows for
relatively free rotation of the acid or protein.

Properties of water in Magnetic Fields

Water is a diamagnetic fluid. This means that water has no permanent magnetic
moment. The induced dipole moment per unit volume M = Xﬁ where ¥ is the magnet-
ic susceptibility and H is the magnetic field strength. For diamagnetic materials ¥ is nega-
tive and for water the susceptibility at 296 K is approximately -90 x 10* A/m. Precise

measurements of this value are difficult; however, careful measurements of —— where X, is
20

the susceptibility at 20°C have been made* and show a small, approximately linear
increase with temperature. A more complete theoretical explanation of this variation is
given by* and the results correspond to those that are to be expected from measurements
of the index of refraction.

The magnetic flux density B is given by
B= Hol H+ ﬁ)

where W, is the permeability of free space. The force F exerted by a magnetic field
on a charge q moving with a velocity v is given by

F=q(VxB)

The force on a material with a magnetic susceptibility y is given by

Diamagnetic materials move out of high field regions into regions with smaller fields.
For large fields and large field gradients, 8T and B = 50T/m, Ueno* has shown that the
level of water can be depressed as shown in fig. 16. The decrease in water level is given by

Where p is mass per unit volume, g is gravitational constant.

h=yxpH/2pg

Similar experiments with various concentration of NaCl showed that the level change
in water declined as the concentration of NaCl is increased. It is reported that magnetic
fields cause changes in the conductivity of elecrolyte solutions and the change will
depend on the nature of ions in the solutions and will be proportional to the thickness of
the hydration shell around the ions, which is directly related to the structure of water* *.
Iwasaka® investigated the effect of strong magnetic fields on the near-infrared spectrum
on water (fig. 17). He reported the formation of hydrogen bonds in water molecules and
peak wave length shift to longer wavelength in the near infrared spectrum of water
around 1900 nm (fig. 18).
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Fig. 16. Formation of water-wall in magnetic fields up to 8 T. The curves are obtained* by the equation
h=ywH/2pg
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Fig. 17. Effects of a 14 T magnetic field on near-infrared spectrum of water at 900—1000 nm. (Optical
length is 30 mm)*

The clusters of water molecules that surround an ion as shown in fig. 6 provide a pos-
sible means for shielding an ion from the thermal environment of colliding molecules
that could lead to the kind of isolation required to explain the effects of the experiments
by Zhadin’, and possibly provide a structure for containing the molecules for the theory
of Del Giudice®.

Hemoglobin

Hemoglobin is an iron-containing protein capable of binding oxygen molecules found
in red blood cells. Oxygen plays an important réle in configuring the molecular structure
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Fig. 18. Effects of a 14 T magnetic field on the peak wavelength of water at 978-980 nm. (Optical length
is 10 mm)*
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Fig. 19. The structure of hemoglobin*

of hemoglobin (fig. 19). Hemoglobin without oxygen is deoxyhemoglobin and with the
oxygen is called oxyhemoglobin. The structure determines the magnetic properties of red
cells.

The physical and chemical behavior of hemoglobin with oxygen and without oxygen
changes so drastically that it attracts attention. One example of this difference occurs in
X-ray diffraction patterns and the optical dichroism of the two forms®. Schlecht™ inves-
tigated the dielectric properties of hemoglobin in the frequency range for 100 KHz to 15
MHz with different degrees of oxygenation. He could not find the variation as reported
by Takashima and Lumry®.

Takashima®, studied the dielectric properties of hemoglobin using 1 MHz frequency
under progressive oxygenation. He found that the dielectric increment curve had two dis-
tinct maxima which would cause increases and decreases in the dipole moment of the
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hemoglobin molecule. The effect of adding oxygen at higher temperatures is to narrow
down the two peaks to one peak.

A metamagnetic system is one in which the spin flop region of the phase diagram has
zero area. When anisotropy becomes so large due to crystal field or anistropy being
equal to the antiferromagnetic exchange field, the moments go over from an antiferro-
magnetic alignment to a saturated paramagnetic alignment. The diamagnetic-paramag-
netic switching activity of hemoglobin (HB) on oxygenation is similar to this metamag-
netic switch® *'.

In a hemoglobin molecule the iron is located at the middle of the heme. Nitrogen of
the porphyin ring takes four of the coordination position. Sixth coordination position is
taken up by a ligand. Fabry suggests that if in the dry deoxygenated form of hemoglo-
bin sixth coordination position is occupied by a water molecule, it should be firmly
bound*.

Pauling and Coryell studies suggest that deoxyhemoglobin and methemoglobin are
paramagnetic, oxyhemoglobin and carboxyhemoglobin are diamagnetic. In hemoglobin
the iron is present as a ferrous ion with four unpaired electrons. Fabry suggests that in
solutions of deoxyhemoglobin and methemoglobin there is decrease in proton relaxation
time compared to solutions of the diamagnetic forms. This would be the due to the para-
magnetic ions being in contact with the water molecules. However, Fabry’s findings
suggest that in deoxyhemoglobin solution sixth coordination position is either not occu-
pied by water, or if there is water it is so firm that there is no exchange with the bulk of
the water molecules.

A theoretical model for magnetic susceptibility of whole blood is taken from Spees™.
In these calculations ‘cgs’ units will be used. ‘Susceptibility’ will refer to “volumetric
magnetic susceptibility.” In this model, susceptibility of red blood cells will be consid-
ered with the contribution of three major components of the erythrocyte: diamagnetic
water, the diamagnetic component of hemoglobin (Hb), and the paramagnetic contribu-
tion of Fe,in deoxyHb. The contribution of paramagnetic dissolved O, will be consid-
ered minor and will not be included.

KrBe=(1 = NHp.VaHb). %20 N1 (Mib. g proteinT(1-Y). Zm.deoxytib)

Y : Fraction of hemoglobin that is present in the form of oxyHb,

Nip . Total intracellular Hb concentration, 5.5 x10-6 mol/mL

Nepoin - Gram susceptibility, diamagnetic contribution of Hb protein:
-0.587x10° mL/g

Yo - Volume susceptibility of water -0.719x10-6

My,  : Molecular weight of deoxyHb 64,450 g/mol

Vum: - Molar volume of Hb in solution, 48,277 mL/mol

The paramagnetic contribution to the molar susceptibility of deoxyHDb, Y aconms 1 cal-
culated as a function of temperature as follows:

. Nueﬂ;.

ey mL
X M,deoxyHb = 4- ( SkgT) = 48,082 X 10 (m).

Using a value for u.rthe average magnetic moment of hemoglobin Fe*" measured for
whole blood equals to 5.46 Bohr magnetons/Heme. k; is the Boltzmann constant, N is
Avogadro’s number. T is the temperature of the sample in Kelvin.
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The model of the susceptibility of the erythrocyte is simplified to

Xapc= —0.736-10°+ (1 - Y)-0.264-10°.

This equation predicts magnetic susceptibility of oxygenated red Blood Cell as -0.736
ppm. It also gives the difference between deoxygenated and oxygenated red blood cells
as

Ax = 0.264 ppm,

Summary and Conclusion

In this chapter we have reviewed some of the characteristics of water molecules and
the structures that they form. Recent simulations provide some insight into the electrical
properties, including the high mobility of both H ions and OH- ions and the large dielec-
tric constant. They also provide models for structures of the water molecules that sur-
round some of the more common biologically important ions such as Na" and Cl- and
they give some insight into their electrical properties such as mobility and dielectric con-
stants. The characteristic of the water molecules associated with complex biological ions
and molecules are less completely described as are their important rolls in protein fold-
ing and their interactions with one another. The effects of water molecules on the mag-
netic properties of biological ions and molecules are less completely explored. The pos-
sibility that water molecules can form structures that can isolate ions or internal parts of
biological ions from the thermal bath to the extent that they have long coherence times
for magnetic interactions still needs to be explored in more detail.
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Weak low-frequency electromagnetic fields are
biologically interactive
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Abstract

There is a need to reexamine the data used to determine biological plausibility in
electromagnetic health effects. Current thinking relies on simplistic electrical
engineering estimates completely at odds with reliable scientific findings. Recent
studies add to the already abundant evidence indicating that ultra-weak low-
frequency electromagnetic fields are biologically interactive. Work by Zhadin,
especially, independently replicated at three other laboratories, has shown that
ion cyclotron resonance-tuned combinations of magnetic fields (ICR) alters the
physical properties of amino acids in solution. The intensity of AC magnetic
fields employed in these experiments is 40 nT, approximately 3 orders of magni-
tude smaller than the estimates currently used in determining regulatory stan-
dards. This intensity level is also consistent with a number of remarkable DC
magnetic field sensitivities observed in animals, e.g., 10-100 nT in birds and
honeybees. This recent additional evidence also supports decades of experi-
mental results indicating ICR-like interactions. Nonetheless, there has been no
recognition by WHO, ICNIRP or other standards—setting agencies of the
evidence demonstrating the interactive capability of low frequency fields with
biological systems.

Key words: electromagnetic fields, low-frequency, biologically interactive

Introduction

The question of hazard due to weak electromagnetic fields is conveniently parsed into
either low-frequency (power line fields) or high-frequency (mobile phones) effects, a
distinction based on the types of environmental exposures in modern society. Although
there are isolated examples of potential problems arising from exposures to fields at
intermediate frequencies, most of the emphasis has been on exposures to the power
transmission frequencies of 50/60 Hz and to mobile telephone frequencies in the vicinity

of 1GHz.
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An underlying theme often voiced by those reluctant to admit low-level electromag-
netic exposures as potentially harmful is what is claimed to be a lack of biological plau-
sibility. In the following we examine this question in some detail, specifically
concerning the biological plausibility connected to possible hazards from exposure to
magnetic fields arising from electric power transmission.

Biological Plausibility and Electromagnetic Hazard

Historically, the two main avenues exploring the question of weak-field electromag-
netic (EM) hazard have been epidemiology and electrical engineering. Among the
criteria used by epidemiologists to test for causation is that of biological plausibility'.
Ordinarily, biological plausibility can refer to a variety of factors, including both theo-
retical reasons and observational evidence. However, when it comes to the question of
EM hazard, epidemiologists often assume a very narrow definition of biological plausi-
bility, restricting such evidence to potential changes in physiological state that are in
agreement with engineering calculations, thereby discounting unexplained experimental
evidence to the contrary.

An excellent argument can be made that the assumptions underlying these calcula-
tions are flawed. One epidemiological assumption, stemming from the Hill criteria', is
that of dose response. It is argued that if EM hazards are real, then there must be an
increased response to increased magnetic intensity. Although this may be in agreement
with estimates based on Faraday induction, predicting that potential differences will
scale with higher magnetic intensities and frequencies, the biological evidence shows
quite convincingly that the measurable physiological responses to low-level magnetic
fields do not scale according to dose-response predictions.

Instead, a wealth of experimental evidence, stretching back decades??, points to some
other mechanism, largely manifested by intensity “windows” **, regions of magnetic
intensity that are specifically interactive to the exclusion of higher and lower intensi-
ties.

As a case in point, consider the 1997 Linet case-control study®, which found “little
evidence” for increased risks of ALL (Acute Lymphoblastic Leukemia) for children
exposed to residential 60 Hz magnetic fields. The data, presented in terms of odds ratios,
were grouped into seven categories of magnetic field (Fig. 1). Despite the limited data,
the grouping for fields lying between 0.4 and 0.499 uT showed, according to the report,
“a significant excess incidence of ALL” in this range. However, this failed to dissuade
Linet et al® from the conclusion that there was “little evidence” of ALL risk. The reasons
given for ignoring this grouping in this report were that the odds ratios were not only
much lower for fields larger than 0.5 uT, but that the sum total of all the data failed to
find a significant trend with increasing magnetic field intensity.

It is clear that Linet et al°, despite the fact that their data appeared to provide a prima
facie case for a response based on intensity windows, relied solely on the incorrect
assumption that EM biological interactions must always exhibit a dose-response .

Among other dubious electrical engineering assumptions made by epidemiologists in
their study designs is that the response does not depend on additional field factors, such
as the arrangement of combined static and time-varying fields encountered in ion reso-
nance exposures. However, overwhelming evidence’ gathered since the mid eighties
indicates that this type of biological effect does indeed occur.
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Fig. 1. Odds ratios for childhood ALL, determined by Linet et a/®, as a function of residential magnetic
field. The large ratios seen for fields between .4 and .499 uT, although having many less participants,
are nevertheless statistically significant

Another incorrect assumption is that Faraday induction can provide a workable inten-
sity threshold, below which signal to noise energy considerations make biological inter-
actions impossible. Because estimates based on Faraday induction indicate that weak-
field EM intensities fail to predict any meaningful electrical signal, it is argued*'" that
biological interactions are physically prohibited, and consequently the question of EM
human hazard fails the criterion of biological plausibility.

Each of these arguments is based on constraints arising from the theoretical applica-
tion of Faraday induction to biological systems exposed to weak field low frequency
magnetic fields. In some cases, these arguments are rather sophisticated'. But they all
suffer when it comes to determining weak field biological plausibility because they
totally disregard the lengthy pertinent experimental evidence. At best, confronted with
experimental data that may conflict with their Faraday calculations, they will argue that
the effects of EMFs on biological systems, if real, are very weak. Nothing could be
further from the truth. Many reports indicate robust weak field sensitivities in animals,
particularly for purposes of navigation.

Low-field EM Interactions in Animals

Well-documented examples of organisms which utilize the magnetic field of the
earth, usually, but not always, for purposes of navigation, include birds", bees",
bacteria", and an increasing list"® of other species, including lobsters, turtles, termites,
beetles, algae, salmon, bats, mice, and even the duck-billed platypus. Similarly, other
species make use of local electric fields'®, notably sharks and their cousins, skates and
rays. The magnetic sensitivities measured for many animals borders on the incredible. A
champion racing pigeon can distinguish changes as little as 102 uT of magnetic field",
100 to 1000 times lower than the threshold estimates®!° from engineering calculations. It
has been speculated that honeybees may even be ten times more sensitive than homing
pigeons, which would make the error in threshold calculation off by a factor of 10,000.
For electric field detection, the scalloped hammerhead shark'® is the undisputed cham-
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pion. Unlike birds and bees, where the anatomical site for magnetic detection is still in
dispute, the shark senses changes in electric fields as low as 0.5 uwV/m using the
ampullae of Lorenzini jellylike electroreceptors located on its face.

There are important conclusions to be drawn from these examples of animal sensi-
tivity to low level EM fields: because these animals are detecting changes in static field,
it is entirely reasonable to think of them as capable of responding to extremely low
frequencies.

In view of these extremely sensitive responses to low-level magnetic signals, previous
calculations that purported to estimate ultimate sensitivities in living things, notably
those by Weaver and Astumian® and Adair'® must now be regarded as without merit,
except insofar as they might be employed in analyzing bioresponses to much larger
fields, say in excess of 100 uT. It is important to note that other than the purely electric
characteristics of tissues those calculations based on Faraday induction never included
any biological insights or information relating to physiological receptors. Further, even
without the wealth of reports that have since been published, these calculations ignored
carlier experimental evidence® that questioned whether Faraday induction is the sole
means by which living things are affected by weak low-frequency magnetic fields.

Ion Cyclotron Resonance-Like Interactions

It is now established’ beyond any reasonable doubt that biological systems exhibit a
remarkable sensitivity when exposed to magnetic field combinations that carry the ion
cyclotron resonance-like (ICR-like) signature.

Many, if not most of the various experimental results indicating biological interac-
tions arising from low level low frequency magnetic fields have displayed this highly
specific ion cyclotron resonance ICR-like signature. By this we mean that in order to be
interactive, w/B, the ratio of magnetic field frequency to static magnetic field intensity,
must be equal to g/m, the ratio of charge to mass of the “naked” ion (i.e., the g/m of the
ion without regard to its hydration layers) that one wishes to affect. It is important to
stress that in practically all such cases the ICR frequency is used as a means of obtaining
responses not observed at other frequencies. Thus, in one type of experiment, a number
of exposures at different magnetic frequencies w are applied and the responses
compared.

Fig. 2 is a typical result”” obtained from this type of study, showing the frequency
dependent response of IGF-II (insulin like growth factor) in cell culture that peaks at the
Ca* ICR resonance frequency. In such experiments, one can regard the response as being
“tuned” to the ICR frequency.

In another type of ICR experiment, the effects of exposure to a resonance field tuned
to specific ions have resulted in sharp changes from normal responses. A good example'
is found in planaria (Fig. 3), where exposure to the Ca*" ICR resonance frequency results
in a 48-hour delay in the rate of cephalic regeneration. On the other hand, for the same
system, exposure to the K* ICR frequency does not affect regeneration time.

In spite of these and other similar experiments’, many investigators have rejected' or
ignored*?'the extensive work supporting weak-field biological interactions. For
example, Ahlbom ef al*' are categorically incorrect when they write “There are no repro-
ducible laboratory findings demonstrating biological effects of magnetic fields below
100 uT”.
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Fig. 2. The peak in IGF-II expression for human osteosarcoma bone cells exposed to combined magnet-
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Fig. 3. Planaria exposed to the Ca** ICR magnetic field combination (right-hand curve) take far longer
(48 hours) to regenerate than those that are not exposed®

55



Eur. J. Oncol. Library, vol. 5

Often, the reason given for denying pertinent ICR evidence is that this mechanism is
physically impossible in living tissue for the frequencies that are claimed to be effective.
Those that make this claim clearly confuse scientific observation with scientific expla-
nation. The fact is that there is absolutely no question that many biological systems
(perhaps all) react profoundly to magnetic field combinations tuned to the ICR signature.
What is also a fact is that this is true despite the lack of a tenable mechanism to explain
this interaction. The scientist, faced with choosing between well-replicated observations
and contrary calculations based on existing theory, must always opt for the former.

In any event, under this single guiding ICR-like signature, an extensive variety of
different experimental observations have been repeatedly reported. We list as follows
five categories that bear this experimental signature. The one remarkable fact is that
although the following five observational categories seemingly are unconnected, they
are all distinguished by exposures to combined magnetic fields that are first tuned to ion
cyclotron resonance:

Physiological responses. In more than two dozen independent experiments, repro-
ducible effects have been observed in a wide variety of seemingly disparate biological
model systems’. These systems include:

* bone and cartilage growth

» cell culture

* rat behavior

* diatom motility

* insulin growth factor

* regeneration in planaria

* snail opioid analgesia

* plant growth

In some of these cases responses were observed for AC field strengths as little as 10 uT.

Medical applications®. Two applications employing ICR exposures (Ca*" and Mg?*")
have been approved by the US Food and Drug Administration (FDA), one to treat bony
nonunions and the other as an adjunct in enhancing spinal fusion (DJ Orthopedics,
ReAble Corporation). Since 1987, hundreds of thousands of patients have been success-
fully treated in this manner.

Parametric resonance. This type of response, originally predicted by Lednev®, was
observed by Shuvolova and Lednev* (phosphorylation of myosin), then expanded upon
by Blanchard and Blackman® (neurite outgrowth) and Jerman’s group* (biolumines-
cence of dinoflagellates) in experiments ranging down to magnetic intensities of 2 uT.
Notable in this class of experiments is the resonance-like dependence on AC magnetic
intensity, lending support to much earlier reports* of enhanced responses within inten-
sity windows.

Amino acid conductance in solution. In an experiment first performed by a group led
by Zhadin? it was demonstrated that exposing polar amino acids in solution to ICR-like
magnetic field combinations sharply increases the conductivity, but only for AC inten-
sities that are vanishingly small, of the order of 50 nT. These results have been repli-
cated, with increasing precision, in at least three other laboratories®**'. For one of these
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replications fig. 4 shows the results of four repeated experimental runs’’ where the
conductivity in each case becomes discontinuous at the ICR frequency. These results,
indicating a biochemical effect due to ultra small magnetic intensities, cannot be
explained on the basis of Faraday induction.

Protein hydrolysis. Most recently, in a variation of the Zhadin experiment, it has been
reported*? that certain proteins in solution can be hydrolyzed (broken into their
constituent amino acid components) when exposed to ultra-small 50nT ICR magnetic
fields. The same group has also published® evidence showing that low intensity ICR
magnetic fields are effective in degrading Ehrlich Ascites cancer in mice (see fig. 5).
This work has yet to be replicated in other laboratories.

Each of these five seemingly separate types of observed results are, in actuality, inti-
mately related. All of these effects are only observed when the directions of the simul-
taneously applied static and time-varying magnetic fields are collinear and the frequen-
cies are specifically tuned to the precise charge to mass ratio of certain ions under the
ICR signature. These reports often refer to the ICR exposures as “combined magnetic
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Fig. 4. Four typical behaviors® of ionic electrolytic current as a function of time and of the correspon-
ding frequency, for a solution of glutamic acid at pH 2.85. The solution is simultaneously exposed to a
static magnetic field flux density of 40 uT and a parallel alternating magnetic field having a flux densi-
ty of 40 nT. The peaks, superposed on the smooth decreasing ionic current, appear at the cyclotron res-
onance frequency corresponding to the charge to mass ratio of the glutamic amino acid ion. The hori-
zontal axis in each case indicates both magnetic field frequency and ramp time
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Fig. 5. Survival curve for mice infected with Ascites Ehrlich carcinoma®, under ICR conditions corre-
sponding to mean tuning (4.4 Hz) for aspartic acid and glutamic acid ions. In contrast to Fig. 2 where
the frequency is varied, a resonance (or window) peak is observed as the AC magnetic field intensity is
varied

fields”, but this is misleading, because the experimental requirements are more stringent
than merely employing simultaneous static and time-varying fields. There is a critical
constraint in choosing the specific combination of fields that are effective. In all the
reports listed above the combined magnetic fields must be specifically chosen to fulfill
the ICR signature, namely w/B = g/m.

Scientific consequences

Worth noting is that the EM hazards question is deeply entwined with the nature of
the scientific method. Although the expression of scientific truth depends on a pair of
complementary methods, the experimental and the theoretical, the former must be the
ultimate decider. That which is first observed and subsequently confirmed in later trials
is always considered truth. We are reminded of the great historical example of experi-
mental observation triumphing over accepted dogma, attributed to Galileo, when he
muttered e pur si muove (and yet it moves), in describing the motion of the earth around
the sun.

Whenever experimental observations are very different from theoretical predictions,
there is a need to reexamine the scientific basis underlying these predictions. In the
present case the use of voltages and currents deduced from Faraday induction in passive
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tissues are clearly not the reason for the biological effects that are so widely observed
under weak, low frequency magnetic exposures. Indeed, predictions made using Faraday
induction are diametrically at odds with what is observed in the laboratory.

The evidence points to the existence of an unknown biophysical mechanism, yet to be
explained, that allows living systems to detect such exposures for purposes yet to be illu-
minated. It is emphasized that this is a matter that requires scientific investigation, not a
blind reliance on the classical techniques that have been used to date in discussing the
electromagnetic hazards question.

It is critical that epidemiologists, especially, understand the strength of this empiri-
cally based biological evidence. Future studies must avoid being designed around inap-
plicable assumptions, chiefly those that define a lower limit for biological interactions
and those maintaining that more intensity is worse. Future studies must also incorporate
some means of investigating the effects of exposures to combined static and time-
varying magnetic fields.

It is indeed tragic that the level and quality of scientific investigation in assessing EM
health effects has suffered because of an inappropriate unsophisticated approach, which
in turn has led to poorly designed epidemiological studies and allocation of funding into
useless research programs.

Conclusions

The question of biological plausibility of possible health hazards connected to power
line magnetic fields has been dominated by arguments derived from Faraday induction,
with little regard to very strong experimental evidence that is greatly at odds with the
results of such calculations. It is important for the epidemiological community to under-
stand that Faraday induction is not implicated in low level EM biological effects, and
that the design of studies aimed at assessing EM health effects must be changed radically
from the present approach.

It is a costly mistake in designing such studies to use assumptions based on the appli-
cation of electrical engineering principles to simplistic biological models, where tissues
are treated as electrically passive substances. The question of weak-field low-frequency
magnetic interactions with living things is, at its heart, a scientific problem, with all the
investigatory consequences that are attached to such problems.

The wealth of observations listed above make it difficult to avoid concluding that low
level time-varying magnetic fields at power line frequencies are specifically interactive
with biological systems, including humans. Further, the discovery by Zhadin’s group
and subsequent replications make it clear that ultra small AC magnetic intensities, down
to 50 nT, falls into this interactive category.

The Zhadin results are closely dependent on a “windows” constraint, where interac-
tions are only seen at certain limited ultra small magnetic intensities. Similar windows
effects at higher intensities were observed more than 25 years ago, making it reasonable
to question the validity of dose-response assumptions on the part of epidemiologists.
Prior epidemiological studies not only have to be reexamined, but future studies must be
designed in ways that do not assume a simple dose response is in effect for electromag-
netic interactions with biological systems.

Finally, there is increasing interest in using ICR-like magnetic exposures for medical
applications®*34%_In the long run, this may be the only way to prove the case for biolog-
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ical plausibility among those who presently chose to deny that weak field low frequency
magnetic fields do indeed interact with biological systems.
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Oxidative stress-induced biological damage by low-level
EMFs: mechanism of free radical pair electron spin-
polarization and biochemical amplification
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Abstract

Low-level electromagnetic field (EMF) interactions with organisms are based on
the physics and chemistry of electron spin shifting of the transient radical pair
and triplet state molecules formed by homolytic bond splitting within cells, and
on the biochemistry of non-linear dynamic processes as they are related to the
biological amplification of the EMF-induced initial effect. These processes, alone
or in combination, could induce biochemical signal transduction interaction
pathways by which weak EMFs can cause organism dysfunction and disease.
EMF effects originate for the most part in the geminate recombination processes
where free radical pairs are created. No recombination permitting electron spin
shifting can result from local EMF effects on unpaired electrons if both free radi-
cals are tethered by interactions with macromolecules or supramolecular biolog-
ical structures at the right separation distance. Any field-induced change in the
concentration of the free radicals that survive recombination may alter the rates
of their subsequent reactions. These effects can become quite pronounced and
harmful for man by existing dynamic, non-linear biological mechanisms that
amplify the biochemical effects of small changes in radical concentrations, espe-
cially those of oxygen-centered free radicals responsible for the creation of geno-
toxic oxidative stress. This synergistic mechanism is supported by experimental
evidence from vast EMF exposure studies on various biological systems
(human/animal cell cultures, whole animals, and even plants) covering static
magnetic, extra low frequency and radiofrequency fields (SMF, ELF and RF,
respectively); SMF (as low as 0.05 W/m?), ELF 3-195 Hz (as low as 10 pT) and
RF 400 MHz-300 GHz (as low as 0.2 W/m?and SAR 0.016 W/kg). In brief, EMF
exposure has been shown to cause high oxidative stress-induced biological
damage, manifested by a substantial increase of peroxidized lipids, oxidized
proteins and fragmented/nicked DNA. Substantial decrease has been also docu-
mented in the antioxidant defense mechanisms, i.e., in the activity of crucial
antioxidant enzymes and in the concentration of endogenous antioxidants.
Exogenous antioxidants and inhibitors of certain ROS/RNS-producing enzymes
reversed all these effects, which is another strong evidence for the causative rela-
tion between oxidative stress and EMF exposure. EMF-induced oxidative stress
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has been also shown in vitro by the increase of reactive oxygen/nitrogen species
(ROS/RNS) indirectly assessed by non-specific assays. New quantitative and
specific in vivo ROS assays are proposed for the conclusive verification of the
oxidative stress mechanism, as well as specific quantitative indicators of biolog-
ical damage that can be used for the reassessment of the EMF exposure limits.
The present report offers a combined free radical pair/oxidative stress mecha-
nism in order to explain how EMFs can cause disease in man. Moreover, it offers
a scientifically solid background mechanism for the experimental design of
epidemiological studies, while it extends its conclusions to the redefinition of
safer EMF exposure limits for the public.

Key words: disease, EMF, oxidative stress, free radicals, radical pair mechanism

“Are there biological effects? The engineers and the physicists say absolutely not. Their view in general
of what living systems consist of, is that the cells are little plastic bags filled with minestrone soup. And
you can then, with that sort of a concept, calculate the field strength and the frequencies you would need
to produce an effect on the minestrone soup. And this is exactly the concept that was employed after it
became apparent that radar systems could heat up the human body. The physicists that were involved in
answering the question: Are there effects? And at what level do they occur? And what would be a safe
level? Basically, they followed a basic precept, which was to consider a spherical cow; a circular oval
object filled with conducting solution and composed of a skin that is transparent to the radio frequency
waves that microwave generators produce. And on that basis, they asked: How much does it take to heat
this up? Where does the cow’s temperature start to rise? And that number was calculated and confirmed
in actual procedures in the lab using the spherical cow concept. They said, “OK, that’s the number at which
you are going to start heating people. Let’s say that’s not such a good idea and we’ll set a level ten times
lower as the safe level”...”] have no doubt in my mind that at the present time the greatest polluting
element in the earth’s environment is the proliferation of electromagnetic fields.”

Robert O. Becker, M.D., author of the books The Body Electric and Cross Currents: The Perils of
Electropollution (interview: www.emrnetwork.org/pdfs/becker.pdf, accessed on June 2, 2010)

Introduction

Several non-thermal mechanisms have been proposed to explain the effect of low
level EMFs (ELFs and RFs; extremely low frequency and radiofrequency fields, respec-
tively) and static magnetic fields (SMFs) on biological systems and man. They involve
e.g. induction of electric currents by acceleration of ions, resonant interactions involving
driving vibrations or orbital transitions in biomolecules', direct interactions of EMFs
with moving electrons within DNA?, and forced vibrations of free ions of the cellular
surface that distort the gating of electro-sensitive channels on the plasma membrane.
Another proposed mechanism of action is that EMFs increase free radical activity. This
mechanism is supported by experimental evidence and is based on sound physics and
chemistry principles’.

The free radical mechanism presumes that EMFs must interact with the biological
system via their electric and/or magnetic component. External electric fields, especially
the low intensity ones, are strongly attenuated by polar organic molecules such as those
composing the human body, thus, they become insignificant compared to external
magnetic fields. On the other hand, since the magnetic field is essentially unchanged it
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is a more likely source of biological effects. This has been supported by epidemiological
studies with magnetic fields stronger than about 0.4 puT (superimposed on the geomag-
netic field)*, and by direct biological and biochemical evidence from studies e.g. with
fields ~100 puT on murine fibroblast-derived 3T3-L1 preadipocytes and on rat brain cells
(causing free radical induced increase of oxidative stress and significant DNA fragmen-
tation, respectively)” .

The effects of low-level electromagnetic radiation (ELF and RF) on a biological
system can be explained by the free radical pair mechanism. This involves the recombi-
nation of short-lived species, such as reactive free radicals, whose importance in biology
and disease is well established. It has been known that magnetic fields influence a certain
class of chemical reactions that involve short-lived free radical intermediates through
kinetic processes in an indirect manner’. Such chemical reactions occur widely within
the body, and they maybe influenced by the magnetic field component of EMFs, which,
unlike the electric field component, is not greatly attenuated inside the body and can
affect the biochemistry within it.

In brief, the free radical pair mechanism requires the creation of free radicals in pairs
with correlated electron spins*® ', The thermal and enzyme reactions that produce free
radicals in biological systems normally involve singlet states of the precursor molecules.
The electrons in the chemical bond that breaks homolytically to form free radicals have
antiparallel spins, as do the resulting free radicals themselves. Since the electron spins
must be antiparallel to form a bond, the free radicals might be expected to recombine
immediately. However, the energy released by the reaction causes them to separate
rapidly so that relatively little instantaneous reaction occurs. Subsequently, the magnetic
interactions of the electron spins with the nuclei of nearby hydrogen and nitrogen atoms
modify the spin state of the radical pair, giving to it partially a triplet character. There-
fore, EMFs stabilize free radicals in such a way as to permit their dispersion rather than
their return to the ground state”. The effect of the field is indirect, and depends on the
mixing of the singlet state and the existing three triplet sub-levels of the radical pair, two
of whose energies are field-dependent. The prolonged lifetime of free radicals will
increase the probability of radical-mediated biological damage, if the radicals involved
are oxygen free radicals (such as superoxide and hydroxyl radicals) responsible for the
development of oxidative stress'.

There is ample evidence that EMFs in their entire frequency spectrum induce increase
of oxidative stress and oxygen free radicals in many experimental systems (including
plants) and in man. Therefore, the free radical pair mechanism by working synergisti-
cally with the biological mechanism of oxidative stress provides the required coupling
of EMFs to the chemistry of biological systems. Moreover, this combined mechanism
overcomes the thermodynamic restrictions (imposed by EMFs non-ionizing energy),
which say that the interaction energy of any electric or magnetic moment induced or
possessed by an electromagnetic source (EMFs, geomagnetism) is negligible compared
to the random thermal energy any biological system possesses at room temperature. This
is the argument mainly physicists use to support their basic thesis that EMF effects on
biological systems cannot occur at low field strengths, implying e.g. that they cannot
affect the equilibrium in a chemical or biochemical system. However, this ignores the
facts that biochemical and biological processes (a) rarely run at equilibrium, (b) are
controlled by the kinetics of the chemical processes occurring within them’, and (c) they
can result in amplification of the primary effect because they are non-linear and dynamic
in nature, rendering these energetic arguments irrelevant.
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The present report offers a new mechanism, which is a synthesis of the free radical
pair and oxidative stress mechanisms, in order to explain how EMFs can cause disease
in man. This mechanism is based on solid principles of physics and on amble experi-
mental evidence, and thus it can be central for the experimental design of epidemio-
logical studies as well. Moreover, this report extents its conclusions towards the intro-
duction of additional new criteria for the redefinition of safer exposure limits for the
public.

Free radical reactions

In order to understand the effect of a magnetic field on a radical reaction, its associa-
tion with certain fundamental aspects of chemistry needs to be explored. These aspects
concern the nature of the chemical bond formed by the sharing of two electrons between
atoms or groups of atoms, and what happens after it is broken in the absence and pres-
ence of an external magnetic field. Electrons possess spin angular momentum, known as
spin, a vector property normally represented by an arrow in magnitude and direction.
When two of them interact, the spin of one can be oriented parallel or antiparallel to that
of the other. In order for a bond to form, the two electrons must have opposite spins, the
angular momenta of which then cancel so that the total angular momentum of a mole-
cule containing paired electrons is zero. The resulting molecule is said to exist in a
singlet electronic state, which is the normal lowest energy state of the vast majority of
biological molecules. Molecules can also exist in higher energy states that can be singlet
(S) or triplet (T) electronic state (also denoted by a superscript “'” or **’, respectively). In
the latter state (T), the two electrons with parallel spins do not form a bond but inhabit
different orbitals. In fig. 1 you can see a pictorial description of spin angular momentum
of S and T states (fig. 1 A) and the conversion of S to T state under the influence of local
(different for each electron) magnetic field (figs. 1B, 1C).

If in a molecule being in its ground state a bond is broken in a homolytic biochemical
reaction, one of the two electrons of the bond ends up on each of the two free radicals
formed (denoted by a superscript dot to represent the single unpaired electron). As it is
known, small free radicals, especially oxygen free radicals such as superoxide radical
(O,7) and hydroxyl radicals (OH"), are characterized by extreme reactivity, and their
normal reaction fate is to abstract atoms (e.g. hydrogen) from molecules, and to add to
double bonds and to aromatic rings. They may also dissociate to expel a stable molecule
such as carbon dioxide'’. The common feature of all these processes is the production of
secondary free radicals. Free radicals persist separated until they encounter other free
radicals during diffusion to form another chemical bond, an overall process that typically
takes place at the millisecond scale after radical formation (in normal viscosity solu-
tions).

In order to appreciate the EMF effect, the chemical implications involved can be illus-
trated by the following photochemical example® that proceeds via an excited triplet state
and is relevant in a broad sense, for example, to the photosynthetic process.

The reaction of benzaldehyde (PhCHO, Ph = C¢Hs, in tetrachloromethane solvent) is
considered, under UV light exposure. Following UV absorption, the ground state singlet
molecule is excited to an excited singlet electronic state, which then changes rapidly into
an excited triplet state by intersystem crossing (ISC), that is, an isoenergetic non-irra-
diative transition between two electronic states having different spin multiplicities:
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Fig. 1. A. Vector representation of the four electron spin states of the radical pair being in a magnetic
field of magnitude B. The two arrows represent the intrinsic spin angular momenta of the two separate
radicals. Spin state S—T, interconversion can occur by a simple change in the phase relationship of the
two spins (see B). However, to convert electron spin S state to either of the other triplet states requires
one spin to flip from one of its possible orientations to the other. Spin angular momenta can be resolved
into three orthogonal components (not shown) and, as the diagram shows, the resultant component in the
direction of the field is zero in the S and T, states, and non-zero for the others. T, differs from S in hav-
ing a non-zero resultant perpendicular to the field in a reference frame rotating at the precessing fre-
quency. B. The electrons precess about the magnetic field direction at different rates depending on the
differing local magnetic fields at the electrons in the two radicals. This inevitably will cause an initially
S state to transform into a T,. Between the two extremes, the radical pair shows mixed S and T, charac-
ter. The diagram is drawn in a reference frame rotating at the precession rate of the electron of radical 1,
and the electron of radical 2 is seen to move relative to it. C. Spin mixing in a radical pair concerns the
relative orientations of two electron spins on separate radicals, which do not interact while the mixing
occurs. That is, the one does not create a magnetic field at the other. This implies that in a radical pair,
initially being in the singlet state, the evolution of the spin state of one radical is considered in relation
to the others spin, whose direction is kept constant. (i) In zero field in a radical containing a single pro-
ton, the electron (e) and the proton (p) magnetic moments couple to give a resultant around which the
electron and proton spins separately precess. This cannot change the direction of the electron spin com-
pletely with respect to 